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Circular hollow sections have wide applications in both onshore and offshore infrastructures, 
including offshore jacket and jackup structures, oil and gas pipelines, etc., due to their low 
resistance to fluid flow, easy handling in construction, transportation and erection. Protection 
of pipelines against impact loadings has become an important concern in engineering as 
external impact loadings are a primary threat and a frequent cause of damage in onshore and 
offshore pipelines. Most of the current studies on this problem have focused on the impact 
performance of hollow steel pipes, which demonstrate limited structural capacity under impact 
loads, coupled with large global and local deformations. Concrete-filled pipe-in-pipe 
composite structures have recently emerged as a popular solution to enhance the structural 
resistance against external loadings. Engineering applications of such composite structures in a 
harsh offshore environment requires a comprehensive understanding on the impact behavior 
for these pipe-in-pipe composite structures. 
 
The objective of this research is, therefore, to develop a framework to predict the impact 
response of ultra lightweight cement composite (ULCC) filled pipe structures, validated by 
detailed experimental and numerical investigations.  
  
This study carries out drop weight impact tests to investigate the impact behavior for three 
types of pipe specimens, including hollow pipe specimens, ULCC-filled pipe specimens and 
ULCC-filled pipe-in-pipe specimens. Besides the experimental investigation, this study 
simulates the impact process for the pipe specimens by using the nonlinear finite element (FE) 
software LS-DYNA and conducts an FE parametric study to extend the understanding of the 
impact performance for pipe-in-pipe composite structures.   
 
The pipe specimens experience global deformations and local indentations under the transverse 





relationship for the three types of pipe specimens. Based on a combined experimental and 
numerical investigation, this study proposes a two-stage approach to estimate the P-δ 
relationship for pipe-in-pipe composite structures. The comparison of the P-δ relationship 
calculated from the developed method with the experimental data confirms the accuracy of the 
proposed approach.  
 
Based on the proposed P-δ relationships, this study develops a new theoretical method to 
predict the impact response for the three types of pipe specimens. This theoretical method 
provides reliable and accurate estimations on the impact response for pipe-in-pipe composite 
structures, in place of the expensive experimental tests and the computationally demanding 
numerical analyses.                 
 
Compared to the hollow pipe, the ULCC-filled pipe-in-pipe composite structure demonstrates 
a superior impact performance. The outer pipe and its thickness determine directly the impact 
resistance and the global deformation of the composite pipe. The ULCC layer restricts 
effectively the development of the local indentation. The presence of the inner pipe enhances 
the confinement to the ULCC. The two-stage approach predicts closely the P-δ relationship for 
the pipe-in-pipe specimens. The theoretical method provides fast and reliable estimations on 
the impact response for the composite pipes.   
 
Keywords: pipe-in-pipe composite; ultra lightweight cement composite; impact behavior, 
drop weight impact test; load-indentation relationship; theoretical method. 
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Circular hollow sections (CHS) have seen broad applications in both onshore and offshore 
infrastructures, including offshore jacket and jackup structures, oil and gas pipelines, etc. (see 
Fig. 1.1), due to their high resistance to various forms of external loadings such as 
compression, tension, bending and torsion. The CHS members have demonstrated to be an 
optimal shape with smaller surface area in pipeline engineering, leading to their lower 
resistance to fluid flow, less requirement of protection and maintenance against corrosion as 
well as easier handling in construction, transportation and erection as compared to open 
sections (Zeinoddini et al., 1998; Qian, 2005).   
 
External impacts have become a primary threat and a frequent cause of the damage incurred in 
onshore and offshore pipelines. The external impact here refers to a wide spectrum of loading 
conditions, e.g., trawl gears from fishing vessels, heavy objects such as anchors and excavation 
equipment as well as moving debris. The pipelines installed in the Arctic region also face the 
risk of mechanical damage caused by the movement of ice floes or icebergs. These impact 





especially in the case of shutting down pipelines to carry out repair works. Moreover, such 
incidents may have an adverse impact on the environment and economy in the case of oil-
pipeline leakage. All of these drive the need to advance the understanding on the impact 
behavior for pipe structures and the demand to investigate practical approaches to strengthen 
such hollow pipes. Thomas et al. (1976) and Watson et al. (1976) investigated experimentally 
the large deformations of thin-walled circular tubes under static and dynamic loadings. Since 
then, extensive experimental studies have improved the understanding on the structural 
behavior of hollow pipes subjected to transverse impacts (Jones et al., 1992; Zeinoddini et al., 
2002; Ng and Shen, 2006). In recent years, many researchers have utilized the finite element 
(FE) method to investigate the impact performance of hollow pipes under the complex loading 
conditions such as the preloaded axial force and the internal pressure (Zeinoddini et al., 2008; 
Arabzadeh and Zeinoddini, 2011; Khedmati and Nazari, 2012).  The aforementioned studies 
indicate that thin-walled pipes demonstrate limited structural strength under transverse impacts, 
coupled with large global and local deformations.   
 
 
(a) Jackets and jackups (b) Pipelines 
Fig. 1.1 Typical offshore infrastructures.   
 
Some researchers, therefore, utilized reinforced concrete coating outside the steel pipes to 
improve the structural impact performance (Palmar et al., 2006). However, the concrete 
coating crushed severely around the impact point and exposed the steel reinforcement to the 





al., 2007). The existing structure schemes do not provide sufficient impact resistance for 
pipelines in a harsh offshore environment.    
  
Fig. 1.2 Concrete coating damage for pipelines (Macdonald et al., 2007). 
 
Concrete-filled pipe-in-pipe composite structures, also known as the double-skin composite 
tube, have recently emerged as a popular solution to enhance the structural resistance against 
external loadings (Zhao and Han, 2006; Han et al., 2006; Uenaka and Kitoh, 2011; An et al., 
2012; Zhang et al., 2012). This study investigates the transverse impact performance of the 
pipe-in-pipe composite system consisting of two steel pipes with infilled ultra lightweight 
cement composite (ULCC) in-between the two pipes (see Fig. 1.3). The outer steel pipe acts as 
a strong barrier against the penetration by an impact object and alleviates the global bending 
deformation. The cement composite layer restricts effectively the propagation of the local 
indentation. The inner pipe minimizes significantly the risk of leakage so that engineers can 
carry out necessary assessment and repair works on the outer pipe after the impact. The pipe-
in-pipe composite system applies the ultra lightweight cement composite (ULCC) (Chia et al., 
2011) as the filler material to optimize the structural weight. The composite pipe takes 
advantages of the material properties for the steel and the ULCC through composite action, i.e., 
the two steel pipes provide strong confinement to the ULCC and the ULCC limits the local 
deformation of the steel pipes. Meanwhile, the two steel pipes serve as the permanent 






Fig. 1.3 The ultra lightweight cement composite (ULCC) filled pipe-in-pipe composite 
structure. 
 
1.2 Objectives and Scopes 
The primary objective of the current study is to develop the theoretical framework to predict 
the impact response of ULCC-filled pipe-in-pipe structures and to provide design implications 
on this composite pipe. To achieve this target, the specific objectives are: 
 
(1) To investigate experimentally the transverse impact performance of the three types of 
pipe structures, i.e., the hollow pipe structures, the ULCC-filled pipe structures and the 
ULCC-filled pipe-in-pipe composite structures. 
 
(2) To develop finite element (FE) models to simulate the impact process and to have a 
deep understanding on the impact behavior of the pipe-in-pipe composite structures.  
 
(3) To examine the load-indentation (P-δ) response for the pipe-in-pipe composite 
structures based on a combined experimental and numerical investigation. 
 







Fig. 1.4 Scope of the research work. 
 
Figure 1.4 illustrates the scope of the research work in this thesis. Firstly, this research carries 
out drop weight impact tests on hollow pipe specimens, ULCC-filled pipe specimens and 
ULCC-filled pipe-in-pipe composite specimens. Based on the experimental results, this thesis 
compares the the impact performance for the three types of pipe specimens and investigates the 
effects of the outer pipe, the inner pipe as well as the cement composite layer of the pipe-in-
pipe specimens in resisting the transverse impact. Secondly, this study develops numerical 
models, verified by the experimental results, in the nonlinear finite element (FE) software LS-
DYNA and conducts a parametric study to extend the understanding of the impact behavior for 
pipe-in-pipe composite structures. Thirdly, this study investigates the P-δ relationships for the 
three kinds of pipe specimens through the static indentation test and the verified FE models. 
Based on the combined experimental and numerical study, this study proposes a two-stage 
approach to predict the P-δ response for the pipe-in-pipe composite specimens. Finally, the 
current research develops a theoretical method, combining the proposed P-δ relationships and 
the dynamic deformation response, to estimate the impact response for the three types of pipe 
structures, including the impact force history, the global deformation history and the local 
indentation, etc. A parametric study using the validated theoretical method investigates the 







































































response for the three types of pipe strcutures. Based on the parametric study, this study 
proposes simplified formulations to predict the impact response for the pipe-in-pipe composite 
structures.        
1.3 Significance and Contributions 
This study will contribute to the existing literatures and hopefully lead to the recommendation 
of design guidelines for the practical use of the ULCC-filled pipe-in-pipe composite structure 
in pipeline applications against transverse impacts. This study will extend the understanding of 
the impact behavior of the pipe-in-pipe composite structure and evaluate the impact 
performance of the composite pipe through a combined experimental, numerical and 
theoretical study. The specifical contributions by this thesis include: 
 
(1) Propose analytical formulations to estimate the load-indentation relationships for the 
three types of pipe specimens. 
 
(2) Develop theoretical models to predict the impact response for the three types of pipe 
specimens.  
 
(3) Conduct parametric study using the developed finite element (FE) and theoretical 
models to investigate the effects of geometric dimensions, material properties and 
impact velocity on the impact performance of the pipe-in-pipe composite structures. 
 
1.4 Outline of the Thesis 
Chapter one presents the potential safety hazard in pipelines and the need to investigate the 
transverse impact performance of the ULCC-filled pipe-in-pipe composite structure. It also 
introduces the constitution of the sandwich composite pipe, the main objectives and the scope 






Chapter two reviews the available literature on the structural behavior of hollow pipes and 
concrete filled steel pipes under the transverse impact load and the lateral indentation. This 
chapter also summaries the current research on the pipe-in-pipe composite structures.  
 
Chapter three provides a detailed description of the drop weight impact test program in this 
study, including the test set-up and the test procedure. This chapter, then, presents the 
experimental results and analyses on the results.  
 
Chapter four develops FE models to simulate the impact test and verifies the FE method for 
the nonlinear analyses of pipe structures subjected to transverse impact loadings. In addition, 
this chapter investigates the transverse impact performance of the pipe-in-pipe composite 
structure through an FE parametric study. 
 
Chapter five examines experimental the P-δ response for the pipe-in-pipe composite structures. 
Moreover, this chapter proposes a two-stage approach to estimate the P-δ relationship for the 
composite pipes.  
 
Chapter six develops a theoretical method to predict the transverse impact response for the 
pipe-in-pipe composite structures. Furthermore, this chapter presents a theoretical parametric 
study to investigate the transverse impact response of the pipe-in-pipe composite structures.  
 
Chapter seven summarizes the observations and conclusions drawn from the current 
experimental, numerical and theoretical investigation. This chapter also provides 

















The global energy demand has led to a wide application of onshore and offshore pipelines to 
transport large volumes of flammable oil and gas since the pipeline transportation is more 
practical and economical compared to road and railway deliveries (Batzias et al., 2011). 
External impacts have become a primary threat and a frequent cause of the damages in 
submarine oil and gas pipelines, usually made of hollow steel pipes. Many researchers, 
therefore, have studied the transverse impact behavior of hollow steel pipes. This chapter 
summarizes the previous experimental, numerical and theoretical research works on the impact 
behavior of hollow pipes. The existing studies on steel-concrete-steel (SCS) sandwich panels 
and concrete-filled steel tubes (CFST) have paved a strong foundation for the investigation on 
the ULCC-filled pipe-in-pipe composite structures in this thesis. This chapter also introduces 
the applications of lightweight filler materials in the composite structures and some 
fundamentals about the experimental techniques for the study of the structural impact behavior. 
 





2.2 Hollow Steel Pipes Subjected to Transverse Loads 
2.2.1 Hollow Steel Pipes Subjected to Static Transverse Loads  
Since the 1970s, researchers have started to investigate the structural behavior of hollow steel 
pipes under the lateral load. Thomas et al. (1976) studied experimentally the large 
deformations of thin-walled steel pipes under the transverse loading applied using a wedge-
shaped indenter at the mid-span. During the test, the simply supported pipe specimen 
experienced local indentation, global bending and finally collapsed with a large plastic 
deformation. Their subsequent investigation (Watson et al., 1976) concluded that the short 
pipes ( 1.5L D ) deformed like a compressed ring and consisted of inextensible hoops bending 
about generators of the pipe, while the long tubes ( 6L D ) experienced significant membrane 
stretching in the longitudinal direction. Figure 2.1 illustrates the rings and the generators in a 
pipe as well as an inextensible ring bending about generators under the lateral indentation.  
  
(a) (b) (c) 
Fig. 2.1 (a) Rings in the pipe; (b) generators in the pipe; and (c) an inextensible ring bending 
about generators under the lateral indentation (Wierzbicki and Suh, 1988). 
 
Wierzbicki and Suh (1988) have proposed a simplified ring-generator model to estimate the 
lateral load (P) versus the local indentation (δ) relationship for steel pipes under combined 
actions of lateral, axial and bending loads. With the demonstrated close agreement with the 
experimental data, their theoretical model became widely recognized (Zeinoddini et al., 2000; 
Liu and Francis, 2004; Karamanos and Andreadakis, 2006; Poonaya et al., 2009) and 
implemented in engineering guidelines (DNV, 2010a). For steel pipes under combined 
loadings of lateral indentation, axial force and bending moment, the proposed P-δ relationship 
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where oM  denotes the plastic moment capacity of a pipe wall strip with a unit width (
2 / 4yt ) 
and y  refers to the yield strength of steel pipe. N  represents the axial force and pN  denotes 
the plastic force capacity of the cross-section. For steel pipes with free ends, the P-δ 
relationship (Wierzbicki and Suh, 1988) becomes, 
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Ong and Lu (1996) conducted a series of experimental studies to estimate the collapse load and 
the energy absorption capacity for hollow pipes subjected to transverse loads applied from a 
wedge-shaped indenter at the mid-span. The hollow pipes were under three different boundary 
conditions, i.e., simply supported, fully fixed and continuously supported (lying on a hard 
surface with both ends free). The proposed empirical P-δ equation, derived based on their test 
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Lu (1993) also investigated the collapse behavior of thin-walled steel pipes (with both ends 
free) loaded centrally by two opposed wedge-shaped indenters. The author defined three 
possible collapse modes (ring, ovality and localized modes) for pipes with different length and 
proposed empirical formulas to estimate the collapse loads.      
 
Besides the experimental investigations, Brooker (2003a) studied numerically the puncture 
behavior of pipelines subjected to external interference loadings, using the nonlinear finite 
element (FE) program ABAQUS. The numerical model utilized a material softening approach 
to simulate the ductile failure for steel pipes. Furthermore, an extensive parametric study 
investigates the influence of the material and the geometric property for hollow pipes and 





the boundary condition on the indentation response of hollow pipes (Brooker, 2003b). The 
geometric dimensions and the orientations of the indenter demonstrate significant effects on 
the structural response since these parameters lead to different contact areas between the 
indenter and the steel pipe. Based on the calibrated FE models against previous test results, 
Brooker (2004a and 2004b) conducted linear regressions to obtain load-deflection 
relationships for hollow pipes subjected to lateral and longitudinal loads respectively. For 
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Hyde et al. (2005a) investigated numerically the behavior of unpressurised hollow pipes 
subjected to longitudinal indentation. The hollow pipes, made of 6082-T6 aluminum alloy and 
X65 SAW steel, set on a V-block support with both ends free. Their subsequent research works 
considered the effects of internal pressures and offset loadings (Hyde et al., 2005b, 2007a and 
2007b). They developed a simplified energy-based approach to predict the initial gradients of 
the force-indentation (P-δ) curves and estimated the ultimate loads by using the linear beam 
bending theory as well as the upper bound theory. 
 
Gresnigt et al. (2007) have developed an analytical model for the P-δ relationship of 
continuously supported steel pipes with an internal pressure based on a combined experimental 
and numerical study. Their analytical model consists of three stages, i.e., the initial elastic 
stage, the subsequent plastic stage and the membrane stretching stage, as follows:  
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where eF , pF  and mF  denote the lateral load in the elastic stage, the plastic stage and the 
membrane stretching stage respectively. EI refers to the ring flexrual stiffness of the pipe wall 
per unit length and r represents the uniform hoop stress due to the internal press ip  
( /r ip R t  ). eB , pB  and BS  denote the equivalent pipe length for elastic response, the 
effective length for plastic mechanism solution, and the local effect factor respectively and 
follow, 
0.5 *1.33 ( / )eB R R t b   (2.8) 
0.5 *0.80 ( / )pB R R t b   (2.9) 
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where *b  refers to the width of the wedge-shaped indenter. This analytical model has 
considered geometric effects for indenters with different shapes.  
 
Det Norske Veritas (2010b) also recommends a P-δ relationship for local indentation on the 
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where B  denotes the width of contact area between the circular hollow member and the 
indenter. The constant k (often <1.0) depends on the axial load level, 
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where SdN  refers to the design axial compressive force and RdN  represents the design axial 
compressive resistance. This P-δ relationship is applicable for circular hollow sections under 
the combined actions of lateral and axial loads.  
 
Some researchers have investigated the P-δ response for axial pre-loaded pipes. Khedmati and 
Nazari (2012) examined the P-δ relationships for preloaded steel tubes with three different 
boundary conditions based on a numerical investigation. Firouzsalari and Showkati (2013a and 
2013b) carried out static indentation tests on pre-compressed hollow pipes, continuously 
supported by a rigid base. They compared the existing P-δ formulas with the test data and 
concluded that an appropriate universal expression has not yet evolved for pipes with various 
geometries at different indentation levels. They also investigated experimentally and 
numerically the behavior of simply supported hollow pipes under combined pre-compression 
and lateral indentation loads (Firouzsalari and Showkati, 2013c).  
 
Arabzadeh and Zeinoddini (2013) have recently extended a theoretical shell model (Wierzbicki 
and Suh, 1988) to analyze the lateral indentation behavior of pressurized pipes, resting on a 
flexible base. The analytical model utilizes two groups of springs, supporting the bottom of the 
steel pipe, to simulate the flexible sea floor. Their numerical models, developed in the 
nonlinear finite element software ABAQUS, validate the accuracy of the analytical model.  
 
Table 2.1 presents the details of some research works for hollow pipes subjected to static 
lateral loads, including boundary conditions, geometric ranges, material properties and the 
corresponding P-δ formulas. These studies, covering a wide spectrum of geometric and 
material properties ( / [16.7,100]D t , / [1.6,45.1]L D  and [204MPa,700MPa]y  ), 
indicate that thin-walled pipes demonstrate limited static capacity under lateral loads, coupled 





hollow pipes are empirical formulas, derived based on experimental or numerical data, leading 
to the significant dependence on the geometric and material properties of the pipes, such as the 
/D t  ratio and the yield strength ( y ). Moreover, some P-δ relationships are complicated with 
many parameters, which is not convenient in practical applications. 
Table 2.1 Research works for hollow steel pipes subjected to static lateral loads. 
Researchers  Method 
Boundary 
condition 










24.2~36.4 2.0~7.3 331~393 - 
Lu 
(1993) 
experimental free ends 19.8~47.6 1.6~10.0 334~365 - 











16.7~100 4.0~36.0 300~700 Eq. (2.4) 





















30.0~62.5 10.0 204~405 - 
Firouzsalari 
and Showkati 






54.8 17.1 350~400 - 
            
2.2.2 Hollow Steel Pipes Subjected to Transverse Impacts   
External impacts on engineering structures usually consist of two types, i.e., the high speed 
impact and the low velocity impact. There is no clear boundary between the two types of 
impact problems. Based on previous researchers’ works, Richardson and Wisheart (1996) have 
suggested that the high speed impact denote the impact with an impact velocity 10 m/soV 
while the low velocity impact refer to the impact with an impact velocity [1 m/s, 10 m/s]oV  , 
which can be ordinarily obtained by drop weight impact test machines in structural laboratories. 
Many researchers have accepted this category for impact problem studies. Split Hopkinson 





in investigating the dynamic behavior of structures under the high speed impact, which mainly 
causes a localized deformation close to the impact location. Charpy pendulum impact, izod 
impact and drop weight impact (see Fig. 2.3) are three common impact test techniques to 
examine the dynamic behavior of structures subjected to the low velocity impact, which leads 
to a combined global and local deformation (Cantwell and Morton, 1991; Field et al., 2004). 
Drop weight impact test has extensive applications in research and quality control for 
engineering structures (Field et al., 2004). Researchers usually utilize hemispherical or flat 
impact head to study the impact performance of beams or panels (Liew et al., 2009; 
Remennikov et al., 2013). For circular pipes, people often use wedge-shaped indenter as the 
impact head to increase the contact area between the pipe specimen and the indenter to avoid 
sliding between them (Zeinoddini et al., 2002; Jones and Birch, 2010). However, a few studies 
adopt small sharp projectiles as the impact head to investigate the local resistance of pipes 
(Corbett et al., 1990a and 1990b; Yang et al., 2009). 
 
Besides the static test, Thomas et al. (1976) also carried out drop weight impact tests on 
simply supported steel tubes at the mid-span. To form the same amount of indentation ( ), the 
specimens under the impact loading dissipated more external energies than do the specimens 
under the static loading although the two groups of specimens have the same dimensions, 
material properties and boundary conditions. 
  
(a) SHPBs method (b) Gas gun impact 









(a) Charpy pendulum impact (b) Izod impact (c) Drop weight impact 
Fig. 2.3 Low velocity impact test techniques. 
    
Jones et al. (1992) investigated experimentally the behavior of fully clamped mild steel pipes 
under transverse impact loads applied by a wedge-shaped indenter at the mid-span, the one-
quarter span and the position close to a support. The pipe specimens demonstrated four 
different kinds of failure modes: shear failure near a support, ductile fracture at a support, 
shear failure at the impact location, and buckling failure on the bottom surface of the fully 
clamped pipe ends. Based on the abundant test data (130 specimens), Jones and Shen (1992) 
developed a theoretical model to predict the maximum total deflection ( ,t maxw ) of a pipe. The 
theoretical model considered the local indentation and the global deformation at the same time 
and presented a reasonable agreement with the test data. Jones and Birch (1996) carried out 
drop weight impact tests on 54 fully clamped mild steel pipes to investigate the influence of 
internal pressure on the impact behavior of steel pipelines. The steel pipes demonstrate three 
major failure modes under the transverse impact at the mid-span or at the one-quarter-span, i.e., 
large plastic local indentation failure without interal gas loss, local indentation failure with 
gradual loss of the internal gas pressure and fully clamped support failure with an explosive 
loss of the internal gas pressure. Chen and Shen (1998) conducted further experimental studies, 
including 226 steel pipe specimens, to extend the database and the understanding of the impact 





material ruptures in some specimens and thus obtained the threshold values of the initial 
impact energy, defined as the critical initial impact energy, which caused the rupture for 
different specimens by trial tests. Their subsequent theoretical and experimental studies (Shen 
and Shu, 2002; Jones and Birch, 2010) investigated the impact performance of fully clamped 
hollow pipes with internal pressures. In addition, Ng and Shen (2006) examined the transverse 
impact performance of pressurized pipes, continuously supported on soils, through drop weight 
impact tests and nonlinear finite element analysis. Compared to the fully clamped pipes, the 
pipes lying on soils experienced less impact damage with smaller deformation since the soil 
base absorbed a large portion of the external impact energy.         
 
Ishikawa and Hoshikawa (1994) carried out drop weight impact tests on steel pipes with both 
ends fixed. Although large indentation formed around the impact point at the mid-span, the 
steel pipe failed by rupture at the fixed ends due to the large tensile strains. Moreover, they 
developed an energy-based analytical model, which calculated the local indentation energy and 
the global deformation energy separately, to estimate the impact response for steel pipes. The 
analytical model predicted accurately the load-total deflection ( tP w ) curves for the hollow 
pipes. 
 
To study the impact performance for hollow pipes, Wen and Reid (1997 and 1998) proposed to 
transfer a hollow pipe, subjected to transverse impact by a flat-faced indenter at the mid-span, 
to an equivalent clamped circular plate based on an experimental observation, i.e., the load-
displacement curve for a hollow pipe was similar to that for a circular plate with the same 
thickness (Corbett et al., 1990a; Stronge, 1993; Wen and Jones, 1996). The impact on hollow 
pipes, therefore, became a central symmetric problem, solved by an energy equilibrium 
approach.      
 
Based on the preliminary investigation by numerical analysis in ABAQUS (Zeinoddini et al., 





performance of axially pre-loaded steel pipes by dropping a wedge-shaped indenter at the mid-
span. A self-reacting disc spring, installed between a hydraulic jack and one end of the pipe 
specimen, provides approximate constant axial compression to the pipe since the spring 
extends almost instantaneously to recover the axial shortening of the pipe during the transverse 
impact. The experimental results demonstrate the significant effect of the axial pre-load on the 
damage level for hollow pipes under the transverse impacts, i.e., the higher the axial loading, 
the larger the permanent deformation and the lower the impact resistant force are. Furthermore, 
they establish numerical models by using the nonlinear finite element software ABAQUS to 
simulate the whole impact process (Zeinoddini et al., 2008a and 2008b). They have recently 
extended the numerical method, verified by experimental data in Zeinoddini et al. (2002), to 
investigate the impact response of pressurized pipes supported on a flexible base (Arabzadeh 
and Zeinoddini, 2013; Zeinoddini et al., 2013 ). Compared to the pipes lying on the rigid base, 
the pipes supported on the flexible base dissipate more impact energies and demonstrate a 
shallower indentation.  
 
Famiyesin et al. (2002) carried out a parametric study to explore the energy absorption 
capacity for hollow pipes subjected to dynamic loadings by using FE models in the ABAQUS, 
validated against preliminary test data. They developed a series of FE models to examine the 
effects of material and geometrical properties, including the pipe length, the diameter and the 
pipe thickness, on the dynamic response of the steel pipes. By curve fitting to the numerical 
results, the energy absorbed by a steel pipe, fully fixed at both ends, follows, 
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where aE  denotes the energy absorbed by steel pipes and tw  refers to the total deflection of 
the pipe. For simply supported pipes, the energy-displacement relationship becomes, 













Palmer et al. (2006) investigated the dynamic response of empty steel pipes and steel pipes 
filled with metallic foam, oil and water by drop weight impact tests. They carried out a series 
of impacts, increasing the drop height by small steps, on each kind of pipe until the pipe just 
perforated to identify the perforation energy. The liquid fill reduces the perforation energy 
since it concentrates the pipe deformation within a small region but contributes little to 
enhance the local resistance of the pipe. Lu et al. (2007) have also observed this phenomenon 
in the tests for empty and liquid-filled three-span continuous tubular beams under the 
transverse impact by nose-shaped indenters. Their FE simulation (Lu et al. 2012), developed in 
the nonlinear software LS-DYNA, indicates that the increase in the density of the liquid fill 
decreases the perforation energy.        
 
To simulate short duration dynamic events, nonlinear finite element program LS-DYNA is a 
good choice besides ABAQUS. Yang et al. (2009) built numerical models using the explicit 
code in LS-DYNA to simulate the pipe-on-pipe impact problem, i.e., a missile pipe (with one 
end rotating about a pivot pin) impacting the mid-span of a simply supported target pipe. The 
numerical simulation, validated by the experimental data (Yang et al. 2009), investigated the 
influence of different impact positions, along the missile pipe, on the dynamic response of the 
two pipes and identified a dangerous impact zone, close to the pivot pin, on the missile pipe. 
Mamalis et al. (2010) utilized the explicit code in LS-DYNA to study the behavior of simply 
supported thin-walled steel pipes subjected to impacts at different positions and in various 
orientations, defined by angle   which is from the impact orientation to the longitudinal axis 
of the pipe. The peak impact force for specimens with the same impact angle   but different 
impact positions were similar since the three impact positions were all close to the mid-span 
and not far from each other. However, the smaller the impact angle φ, the higher was the 
influence on the contact area between the pipe and the indenter by the impact force. Some 
researchers also employ the nonlinear finit element software ANSYS to the behavior of 





loads (Li et al., 2014). The pipe/duct systems may dissipate the external impact energy through 
three approaches, i.e., local deformation in the vicinity of the impact location, global rotation 
at flexural plastic hinges and yielding of the supports. 
 
Kristoffersen et al. (2013) investigated experimentally the behavior of simply supported X65 
steel pipes subjected to the transverse impact at the mid-span. After the impact, the two 
supports stretched the steel pipe along the longitudinal direction until the steel pipe fractured 
around the impact point due to the high local tensile stresses. The researchers observed and 
studied carefully the material fracture through SEM (Scanning Electron Microscope) images.  
Table 2.2 Research works for hollow steel pipes subjected to transverse impacts. 
Researchers Boundary 
conditions 
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Table 2.2 shows the information of some research works for hollow pipes subjected to 
transverse impact loads, including boundary conditions, geometric ranges, material properties 
and the details of drop weight. In Table 2.2, oV  refers to the initial impact velocity, dM  
denotes the total mass of the drop weight and iE  represents the total impact energy. These 
studies cover a wide range of geometric dimensions ( / [11.0,  62.3]D t and / [2.0,  42.2]L D ) 
and material properties ( [210 MPa,  773 MPa]y  ) as well as characteristics for the drop 
weight ( [1.0 m/s,  14.0 m/s]oV   and [2 J,  95900 J]iE  ), indicating that thin-walled pipes 
exhibit limited dynamic capacity, coupled with large global bending deformations and local 
indentations. Most of the existing research works are experimental or numerical studies, which 
depend significantly on the geometric and material properties of the hollow pipes and the 
characteristics of the external impact loads, such as the initial impact velocity oV  and the total 
impact energy iE . There is a lack of theoretical model to estimate the impact response for 
hollow pipes, including the impact force history, the global displacement history and the local 
indentation. 
2.2.3 Indentation Limits for Hollow Steel Pipes  
Compared to pressure and strain limit criteria, the indentation limit criterion is more intuitional 
and convenient to assess the damage level for pipelines subjected to external interference. 
However, a widely recognized indentation limit for pipelines has eluded researchers’ efforts, 
the experimental results and the service experience (Rosenfeld, 2002).  
 
The European Pipeline Research Group (EPRG) (Osage et al., 2001) has found that the 
indentation depth up to 10% of the pipe diameter will not fail as the membrane stress levels are 
less than 72% of the yield stress, i.e., the indentation limit follows 0.1D  . For pressurized 






Rosenfeld (2002) recommends an indentation limit of 6% ( 0.06D  ) based on the previous 
research and the experience in the pipeline engineering.  
 




   (2.19) 
where of  refers to the ovalization of a steel pipe. maxD  and minD  denote the maximum and the 
minimum diameter for a steel pipe respectively.  
 
In view of the above review, hollow pipes are vulnerable to transverse static or dynamic 
loadings, which lead to large plastic deformations exceeding the indentation limits. To reduce 
deformations under external loadings and to strengthen CHS members, people apply ring-
stiffened steel pipes in engineering and some researchers have studied the indentation behavior 
of the ring-stiffened steel pipes (Harding and Onoufriou, 1995; Karroum et al., 2007a and 
2007b). For pipelines, engineers utilize the reinforced concrete coating outside the steel pipes 
to improve the structural performance against external loadings.  Palmer et al. (2006) carried 
out some full-scale transverse impact tests on concrete coated pipes. They employed a steel 
cage outside the pipe to reinforce the concrete coating, for which density is from 2050 kg/m3 to 
3050 kg/m3. The experimental results demonstrated that the bending deformations and the 
plastic strains for the pipes decreased apparently due to the protection from the concrete 
coating. However, the concrete coating crushed seriously around the impact location and 
exposed the steel reinforcement to the open air, which often happened for real damage 
pipelines (see Fig. 1.2). Moreover, the normal weight concrete increases the total mass of 
pipelines and needs temporary formwork during curing, which creates additional challenges in 








2.3 Steel-Concrete-Steel (SCS) Composite Panels Subjected to 
      Transverse Loads  
Applications of steel-concrete composite structures have started at the end of 19th century and 
become increasingly popular in various construction forms, including steel-concrete slabs and 
beams, concrete-filled steel tubes (CFST), etc., during the past few decades. Steel is good in 
tension and provides confinement to the infilled concrete while concrete is efficient in 
compression and limits the buckling and deformations of steel. The composite action between 
steel and concrete optimizes the structural contribution of individual materials, high strength 
and ductility, short construction duration as well as high resistance to fire and impact loadings.  
 
The study on steel-concrete-steel (SCS) composite slabs and beams starts in the 1970s 
(Solomon et al., 1976). This sandwich composite structure comprises of two steel plates with 
infilled concrete in-between the two plates and often contains mechanical shear connectors to 
enhance the bond between the steel plates and the concrete core. Compared to concrete slabs 
and beams, SCS composite panels demonstrate a significantly higher capacity and more 
applicable for long span structures.  
 
Wright et al. (1991) have investigated experimentally the behavior of SCS composite systems 
with headed shear connectors (see Fig. 2.4a) under three different loading conditions, i.e., 
bending, compression and a combination of bending and compression. Compared to 
conventional doubly reinforced concrete sections, SCS composite structures are more efficient 
and suitable for nuclear containments, submerged structures, liquid and gas retain 
constructions as well as impact and blast resistant shelters due to the following advantages: 
(1) The steel plates serve as permanent formwork, increasing the construction efficiency. 
(2) The steel plates and shear studs are easily site constructed, obviating the need for 
expensive and inconvenient fabrication of steel reinforcements. 
(3) The steel plates act as waterproofing membranes and provide confinement to the 





(a) Headed shear connector (b) Bi-Steel 
(c) Angle shear connector (d) J-hook connector 
Fig. 2.4 Shear connectors and Bi-Steel. 
 
Corbett and Reid (1993) carried out both quasi-static penetration tests and gas gun impact tests 
on simply supported steel-grout-steel composite plates. The sandwich composite plates 
demonstrated lower penetration resistance and energy absorption capacity than do the 
monolithic steel plates. The composite plates, however, appeared to be insensitive to impact 
conditions, such as projectile nose shape and mass, indicating that they may be useful in 
situations where the impact conditions are unsuitable for steel plates, like sharp impact nose. 
The grout layer, with an average strength of 35.5 MPa and a density of 1930 kg/m3, absorbed 
impact energy in proportion to its thickness.  
 
Corus Construction & Industrial has invented a SCS sandwich system named as Bi-Steel 
composite panel (see Fig. 2.4b) to increase the structural strength and the composite action 





composite panel contains a regular array of transverse steel bars, simultaneous friction welded 
to both steel plates in factories, to achieve the fabrication efficiency and the resistance to 
internal pressures caused by the pouring of concrete (Mckinley and Boswell, 2002). 
Researchers have conducted extensive experimental and numerical investigations on Bi-Steel 
composite panels under the three-point bending and the push-out loading (Mckinley and 
Boswell, 2002; Clubley et al., 2003a and 2003b; Foundoukos and Chapman, 2008). The 
excellent performance of Bi-Steel composite system under external loadings implies the 
potential of the composite system as shelter structures against impact and blast loadings. 
However, welding of transverse bar connectors at both steel plates is not possible for shallow 
depth SCS composite panels of a thickness less than 200 mm (Liew and Sohel, 2009).      
 
Sohel (2003) has carried out both static bending tests and drop weight impact tests on simply 
supported SCS composite beams with angle shear connectors (see Fig. 2.4c). The total mass of 
the round-head drop weight varies from 31 kg to 43 kg and the initial impact velocity ranges 
from 4.18 m/s to 7.23 m/s. The compressive strength of the normal weight concrete core 
changes from 57.4 MPa to 101.5 MPa. Shear failure of the concrete core occurs and the steel 
plates separate from the concrete core with severe deformation, indicating the limited shear 
resistance provided by angle shear connectors. To improve the shear strength of SCS 
composite structures, Liew and Sohel (2009) develop an innovative kind of SCS composite 
beam with J-hook connectors (see Fig. 2.4d), easily welded on steel plates regardless of the 
SCS system depth. They utilize lightweight concrete, with a density around 1450 kg/m3 and a 
compressive strength nearly 30 MPa, as the filler material to reduce the structural weight for 
offshore applications. With adequate J-hook connectors, the simply supported SCS beams 
demonstrate ductile failure mode under the concentrated point load at the mid-span. The 
structural capacity and ductility increase significantly by including 1% (in volume) steel or 
PVA fiber in the lightweight concrete core. In addition, Liew et al. (2009) investigated 
experimentally the transverse impact performance of the simply supported SCS composite 





drop weight is 64 kg and the initial impact velocity is approximately 8.14 m/s. During the 
impact, the J-hook connectors interlock effectively the top and bottom steel plates, keeping the 
integrity of the sandwich composite system. The steel and PVA fiber, added in the core 
material, improve the performance of lightweight concrete under the transverse impact. They 
further derive the load-indentation (P-δ) relationship for SCS composite beams based on the 
energy equilibrium condition: 
con cU W V     (2.20) 
where   refers to the total potential energy. U , conW  and cV  denote the membrane stretching 
energy of the steel plate, the work done by the concrete layer and the work done by the contact 
force between the steel plate and the concrete layer respectively. The P-δ relationship for SCS 
composite beams follows, 
2
eP K   (2.21) 
pP K   (2.22) 
where eK  and pK  represent the elastic and the plastic contact stiffness of the SCS composite 
beam respectively. On the other hand, the deformation response for SCS composite beams, 
subjected to the transverse impact, follows, 
t gw w    (2.23) 
where tw  and gw  define the total displacement and the global displacement of the SCS 
composite beam respectively. They proposed a theoretical approach to solve the impact 
response for SCS composite beams iteratively by substituting the P-δ relationship [see Eqs. 
(2.21) and (2.22)] into Eq. (2.23) (Liew et al., 2009). In general, the theoretical approach 
predicts accurately the global displacement response and the impact force within the elastic 
stage for SCS beams. Moreover, the researchers have extended their studies to the fatigue 
performance of SCS composite beams (Dai and Liew, 2010) and the indentation behavior of 
SCS composite slabs subjected to a centered concentrated load (Liew and Sohel, 2010; Sohel 





composite plates under the 100 kg TNT blast loading with a 5 m standoff distance. Both the 
experimental and the numerical (conducted by LS-DYNA) results demonstrate the superior 
performance of SCS composite panels compared to cellular stiffened plates. They also propose 
curved SCS sandwich panels to resist continual ice loading on offshore structures in arctic 
regions and carry out static indentation test on the curved SCS panels. With J-hook connectors, 
the SCS panels exhibit ductile behavior and high ultimate strength. Recently, Sohel et al. 
(2012) examine the structural performance of simply supported SCS composite structures with 
J-hook and cable shear connectors by static bending tests. They apply a novel kind of cement 
composite material, called Ultra Lightweight Cementitious Composite (ULCC) (Chia et al., 
2011), as the filler material. The ULCC has a density of 1450 kg/m3 and a compressive 
strength over 60 MPa. The application of the efficient shear connectors and the ULCC reduce 
the total mass of SCS composite structures, making it suitable for marine and offshore 
constructions. 
 
Remennikov and Kong (2012) have studied the structural performance of axially restrained 
non-composite SCS sandwich panels under a 600 kg drop weight impact ( 7.67oV  m/s). The 
non-composite SCS sandwich panel, without shear connectors, resist transverse impacts by its 
flexure strength first, then followed by the tensile membrane action due to the axially restraint 
from the two ends. Meanwhile, they develop FE models using the explicit code in LS-DYNA 
to simulate the impact process. The FE simulation utilizes the CSCM (Continuous Surface Cap 
Model) concrete material model (type MAT_159 in LS-DYNA) to capture the dynamic 
behavior for both the normal weight concrete ( [23 MPa, 37 MPa]cf  ) and the lightweight 
concrete ( 310.5 MPa, 1400 kg/mc cf   ) they used. In general, the FE analysis provides 
reasonable predictions on the impact response of SCS sandwich panels. With the validated FE 
model, Remennikov et al. (2013) simulate a full-scale barrier structure, consisting of the SCS 
panels and steel posts, subjected to a head-on impact by the Ford F800 single unite truck 





impact resistance of the axially restrained non-composite SCS panel, which terminates 
effectively the fast moving vehicle and presents a promising method for protecting assets 
against impact attacks.                   
 
Recently, some researchers carried out numerical and theoretical studies on the low-velocity 
impact performance of sandwich beams filled by metal foam with a density of 800 kg/m3 (Qin 
and Wang, 2013). The analytical and the numerical results agreed closely and reflected the 
significant effect of the local indentation behavior in resisting external impacts. Jing et al. 
(2014) carried out gas gun impact tests on curved sandwich panels filled by aluminum foam 
with a density of 600 kg/m3. The sandwich panels with curved configuration exhibited an 
obvious advantage on the resistance to deform compared to the flatted sandwich panels.  
 
The SCS composite panels, especially the ones with efficient shear connectors, demonstrate 
excellent performance, with high structural capacity and ductility as well as low global and 
local deformations, under both static and dynamic loadings. Researches on the impact behavior 
of sandwich panels with advanced lightweight filler materials, such as the ULCC and the metal 
foam, provide new orientations for further studies, especially in marine and offshore structures. 
2.4 Concrete-Filled Steel Tubes (CFST) Subjected to 
      Transverse Loads  
2.4.1 Concrete-Filled Steel Tubes (CFST) Subjected to Static Transverse Loads   
Circular concrete-filled steel tubes (CFST) have become one of the most commonly used steel-
concrete composite structures since the last century. This composite structure, consisting of a 
steel pipe with fully infilled concrete, demonstrates high construction speed, good fire 
resistance as well as superior structural capability and ductility as columns under compressions 
in civil engineering infrastructures. During the past few years, more and more researchers have 
carried out static bending tests and proposed theoretical models to study the flexure behavior 





2012). Some people conduct numerical analysis on circular CFST members under the bending 
moments by using the nonlinear finite element software (Lu et al., 2009; Deng et al., 2013). 
Meanwhile, many countries and institutions (AISC-LRFD, 2003; CIDECT, 1995; Eurocode 4, 
2004; DBJ 13-51, 2010) have published their design standards or guidelines to evaluate the 
ultimate flexural capacity ( uM ) and the flexural stiffness ( EI ) for circular CFST composite 
beams.  
 
Many design standards (AIJ, 1987; AS 5100, 2007; Eurocode 4, 2004) evaluate the ultimate 
flexural capacity for circular CFST sections based on an analytical fully plastic approach 
ignoring the tensile strength of the concrete core. The analytical approach establishes a force 
equilibrium condition to determine the position of neutral axis for CFST sections under the 
bending, 
c s sC C T   (2.24) 
where cC , sC  and sT  denote the compressive force in the concrete, the compressive and the 
tensile force in the steel pipe respectively (see Fig. 2.5). The plastic moment capacity ( pM ) of 
the CFST section equals, 
p cc sc stM M M M    (2.25) 
where ccM , scM  and stM  refer to the moment capacity due to the concrete in compression, the 
steel in compression  and in tension respectively. For design purpose, Australian Standard (AS 
5100, 2007) employs a reduction factor (0.9) for the ultimate flexural capacity ( uM ) of CFST 
beams, 
0.9u pM M  (2.26) 
Similarly, Eurocode 4 (2004) utilizes the design strength for steel and concrete, yd  and cdf  
respectively, to calculate the ultimate flexural capacity ( uM ) for CFST beams, 






Fig. 2.5 Diagram for calculation of the ultimate flexural capacity of circular CFST beams.  
 
American code (AISC-LRFD, 2003) ignores the contribution of the infilled concrete and 
recommends a simplified formula for the ultimate flexural capacity of circular CFST beams, 
u yM Z  (2.28) 
where Z  denotes the plastic section modulus for the hollow pipe and equals 3 / 32D . 
 
British standard (BS 5400-Part 5, 2005) proposes an equation to evaluate the ultimate flexural 
capacity for circular CFP sections, 
0.95 (1 0.01 )u y BSM m S   (2.29) 





      (2.30) 
 
CIDECT (1995) recommends a formulation to calculate the ultimate flexural capacity for 
circular CFST sections, 
3 3( 2 )
6u o yd
D D tM m    (2.31) 
where om  is a factor depends on the /D t  ratio and the material strength of the steel pipe and 










Han (2004) develops a simplified analytical model to predict the flexural strength for circular 
CFST composite beams, 
u m scyM Zf  (2.32) 
1.1 0.48ln( 0.1)m     (2.33) 
(1.14 1.02 )scy ckf f   (2.34) 
where Z  denotes the plastic section modulus for the steel pipe. m  and scyf  refer to the 
flexural strength index and the nominal yielding strength of the circular composite section 
respectively, determined by a regression method based on the test data. Confinement factor   





   (2.35) 
where sA  and cA  represent the cross section area of the steel pipe and the concrete core 
respectively. ckf  defines the characteristic compressive strength of the concrete and equals 67% 
of the compressive strength cf . Chinese design code (DBJ 13-51, 2010) has adopted this 
method to evaluate the flexural capacity for circular CFST composite beams. 
 
The flexural stiffness ( EI ) for the CFST composite section follows, 
s s c cEI E I E I   (2.36) 
where sE  and cE  denote the Young’s modulus of steel and the elastic modulus of the concrete 
respectively. sI  and cI  refer to the second moment of area for the steel and the concrete 
section respectively. For design considerations, the flexural stiffness of the CFST composite 
section in different design codes becomes: 
(1) AIJ (1997)     
0.2s s c cEI E I E I   (2.37) 
(2) AISC-LRFD (2003); CIDECT (1995) and DBJ 13-51 (2010)     





(3) BS 5400-Part 5 (2005)     
s s c cEI E I E I   (2.39) 
(4) Eurocode 4 (2004)     
0.6s s c cEI E I E I   (2.40) 
 
The above research works mainly focus on the global flexural behavior of CFST composite 
members. In truss and lattice structures, CFST composite members often experience lateral 
loadings on local areas from other brace elements. Hou et al. (2013, 2014) have recently 
investigated experimentally and numerically the structural behavior of circular CFST members 
subjected to perpendicular and inclined lateral indentation from a circular brace-shaped 
indenter. The CFST specimens, continuously supported by a concrete base, comprise of 
normal weight self-consolidating concrete (SCC), with a compressive strength of 51.2 MPa, as 
the filler material. Compared to the reference circular hollow sections (CHS), the circular 
CFST specimens demonstrate significantly higher loading capacity and failed in a more ductile 
behavior. The authors adopt the criterion proposed by Lu (1994), as discussed in Section 2.2.3, 
to define the ultimate load capacity for the circular CFST members. In addition, they identify a 
load bearing area of the concrete core against the local indentation and calculate the strength 
contribution from the concrete within that bearing area to estimate the ultimate capacity of the 
circular CFST specimens. This method provides a more than 15% overprediction on the 
ultimate strength of the CFST specimens, indicating the necessity of further study. Yang et al. 
(2014) extend the study to lateral indentation behavior for square CFST members.      
2.4.2 Concrete-Filled Steel Tubes (CFST) Subjected to Transverse Impacts    
Researchers have started to investigate the impact behavior of CFST composite members since 
they exhibit high capability and ductility under the static loading conditions. Bambach et al. 
(2007 and 2008) have examined the structural performance of fully clamped square CFST 
composite beams subjected to transverse impact from a flat-headed drop weight with a mass 





beam comprises a compact or non-compact square hollow section, classified according to the 
section slenderness (AS 4100, 1998), filled by normal weight concrete with an average 
compressive strength of 88.4 MPa. Compared to square hollow sections, concrete filled non-
compact sections demonstrate much higher moment capacity coupled with the significantly 
decreased lateral deflection while the impact performance for compact sections present little 
improvement with the filling concrete. Bambach (2011) extends the study to stainless steel 
sections with normal weight concrete core ( 91.6cf  MPa) through the drop weight impact test 
investigation and the FE analysis in ABAQUS. The stainless steel sections present a 
significantly higher energy absorption capacity than that of the mild steel sections. The 
researchers also study the effect of various restraints at the two ends of the CFST member in 
absorbing the impact energy, including: axial restraint, rotation restraint as well as both axial 
and rotation restraint. The square CFST beams dissipate more impact energy under more 
restraints from the supports but too much restraint may cause tensile tearing failure of the 
hollow section. Al-Thairy and Wang (2011) have simulated and analyzed this tensile failure 
mode, observed by Bambach (2011), in the numerical study using the explicit code in 
ABAQUS.    
 
Yu et al. (2007) developed numerical models using the finite element software LS-DYNA to 
simulate the impact test, conducted by Wang (2005) and Gu (2005) respectively, on circular 
CFST composite members. In their FE models, a 203 kg wedge-shaped indenter, with an initial 
impact velocity of 10.9 m/s, impacted the pinned-pinned or pinned-fixed CFST composite 
members filled by 32 MPa normal weight concrete. The FE simulation presented a close 
agreement with the test results. Using the validated FE method, the authors carried out a 
parametric study of vehicle collision on different types of CFST columns, implying the current 
code criterion (BS 5400-Part 2, 2006; JTG D60, 2004) underestimate the automobile impact 






Qu et al. (2011) simulated the drop weight test, conducted by Li (2007), in LS-DYNA to study 
the impact performance of one end pinned and the other end fixed circular CFST composite 
members filled with 47.5 MPa normal weight concrete. The drop height of the 203 kg wedge-
shaped indenter ranged from 6 m to 8.37 m. In addition, they proposed a simplified analytical 
model to predict the maximum global displacement ( maxw ) at the mid-span. The simplified 
model ignores the local indentation, the elastic global deformation and the energy losses 
during the impact and assumes that the two plastic hinges formed in the CFST members 







     (2.41) 
where L  refers to the length of the CFST specimens and  denotes the rotation angle at the 
end of the pipe. udM  represents the dynamic plastic moment capacity of the circular CFST 
composite sections. To calculate this dynamic plastic moment capacity, the proposed model 
considered the strain rate effect for both the steel and the concrete material by employing the 
dynamic increase factor (DIF) according to Malvar and Ross’s model (1998) and CEB code 
(1993) respectively. The analytical model predicts accurately the maximum global 
displacement ( maxw ) for the CFST members under the transverse impact.  
 
Remennikov et al. (2011) have studied experimentally and numerically (using LS-DYNA) the 
impact behavior of simply supported square CFST composite members. The 600 kg drop 
weight has a flat impact head and the drop height is 650 mm for all specimens. The CFST 
specimens contain two kinds of filler materials, i.e., normal weight concrete with a 
compressive strength of 41 MPa and rigid polyurethane foam (RPF) with a density of 200 
kg/m3. This foam material starts to yield at 2.2 MPa and its stress increases exponentially when 
the strain exceeds 20%. The square CFST specimens demonstrate the highest impact resistance 
and energy absorption capacity, followed by the square RPF-filled specimens and the square 





the same drop weight impact test instrument, with a slight mass reducing of 8 kg and the same 
drop height (650 mm), as Remennikov’s work (Remennikov et al. 2011) to investigate the 
impact performance for concrete filled square stainless steel tubes infilled with a normal 
weight concrete core ( 25cf  MPa). The experimental results reflect the superior impact 
resistance and energy absorption capability of the CFST specimens with stainless steel sections 
than that of the CFST specimens with mild steel sections.  
 
Deng et al. (2012) conducted drop weight impact tests on simply supported circular CFST, 
circular posttensioned concrete-filled steel tube (PTCFST), and circular steel fiber reinforced 
concrete-filled steel tube (FRCFST) specimens filled with the normal weight concrete 
( 60cf  MPa). The application of pre-stressed strands and steel fibers restrained effectively 
the cracks in the tension area of the concrete core. The PTCFST and the FRCFST specimens 
demonstrate superior resistance than the regular CFST specimens. Deng and Tuan (2013) 
simulate the impact test (Deng et al., 2012) using the explicit code in LS-DYNA and propose 
design procedure for CFST members under the transverse impact based on the numerical 
simulation data.  
 
Wang et al. (2013) have recently studied experimentally and numerically (using ABAQUS) 
the dynamic performance of axially preloaded circular CFST composite members under the 
transverse impact from a 230 kg wedge-shaped indenter with a drop height ranging from 0.8 
m~7.0 m ( [4.0 m/s, 11.7 m/s]oV  ). The circular CFST specimens, filled by the 48.5 MPa 
normal weight concrete, has one end fixed and the other end constrained by a roller support. 
The CFST specimens with high confinement factor [ as defined in Eq. (2.35)] exhibit high 
ductility and the impact force history curve comprises of three stages, i.e., the peak value stage, 
the platform stage and the unloading stage. In contrast, the CFST specimens with low 
confinement factor ( ) indicate brittle failures without obvious platform stage in the impact 





CFST specimens filled with the high strength, self-consolidating concrete 
( [68.3 MPa, 75.1 MPa]cf  ) under three boundary conditions, i.e., fixed-fixed supported, 
fixed-pinned supported and pinned-pinned supported. These CFST specimens demonstrate 
high capacity and ductility under the impact loads. They have also proposed a simplified 
model to estimate the dynamic increase factor for the moment capacity calculation based on 
the calibrated FE study.  
 
Researchers have carried out extensive experimental, numerical and theoretical studies on the 
compressive and the flexural behavior of circular CFST composite members. Many standards 
and guidelines have established systematic methods to design circular CFST composite 
columns and beams under the static loads. However, investigations on the local indentation 
and the transverse impact behavior of the circular CFST composite members remain a 
chanllenging research problem and require further understanding. 
          
2.5 Concrete-Filled Pipe-In-Pipe Composite Structures  
Concrete-filled pipe-in-pipe composite structures, also known as concrete-filled double-skin 
tubes (CFDST), originate from the steel-concrete-steel (SCS) sandwich panels and the 
concrete-filled steel tubes (CFST). This pipe-in-pipe composite system consists of two steel 
pipes with infilled concrete in-between the two pipes. 
 
The prototype of the sandwich composite shells appeared in the 1970s when Montague (1975) 
first proposed this sandwich composite structure as an alternative form of the conventional rib-
stiffened shell for externally pressurized cylindrical vessels. The sandwich composite shell 
contains two thin-walled steel skins with an intervening filler material, resin or concrete, which 
provides continuous loading capacity even after the steel skins have significantly yielded. 
Since then, Montague (1978a, 1978b, 1979 and 1985) have carried out a series of experimental 





Compared to steel shells stiffened with circumferential ribs, the sandwich composite shells 
demonstrate insensitivity to initial imperfections, higher structural capability and stability 
under the external pressures. Most of the sandwich composite specimens fail by the strength 
failure of the filler materials and this failure mode is predictable by Montague’s theoretical 
model (1979).   
 
Shakir-Khalil (1991) explored the performance of double-skinned composite columns, filled 
with grout or microconcrete, under the eccentric end compression. The experimental results 
reflected the practical potential of such novel composite structures and highlighted the 
necessity of further investigations on the failure mechanism of the double-skinned composite 
pipes.  
 
Zhao and Han (2006) have reviewed the research works on concrete-filled pipe-in-pipe 
composite structures and summarized the advantages of the sandwich composite structures, 
including: light weight, high bending stiffness, good cyclic performance, high fire resistance, 
high energy absorption, high ductility as well as high local and global stability. The sandwich 
composite pipes allow pre-fabrications in factories and rapid installations in sites, leading to 
significant savings in the building cost and the construction time. In addition, the authors 
suggest future research areas for the pipe-in-pipe composite structures, such as the large 
deformation behavior of the sandwich composite pipes under the static or the dynamic 
loadings and applications of various filler materials, besides the normal weight concrete, in-
between the two steel pipes for different practical purposes.       
 
Due to the above mentioned advantages, concrete-filled pipe-in-pipe composite structures have 
recently emerged as a popular solution to enhance the structural ductility, energy absorbing 
capacity and resistance against external loadings. Most of the current research works on the 
concrete-filled pipe-in-pipe composite member have focused on the axial compression 





2010; Uenaka et al., 2010; Hu and Su, 2011; Hassanein et al., 2013). Han et al. (2010) develop 
a nonlinear material model using FORTRAN program to simulate the concrete behavior in the 
concrete-filled pipe-in-pipe composite columns under the axial compressions. Zhao et al. 
(2010) investigate experimentally the compressive behavior of CFDST stub columns, which 
demonstrate superior ductility and energy absorption capability under the large axial 
deformation. Some researchers study the response of CFDST composite columns under the 
long-term sustained loading (Han et al., 2011), the pre-loading on steel pipes (Li et al., 2012) 
and the partial loading on concrete (Yang et al., 2012). Yang and Han (2008) have examined 
the fire resistance of CFDST composite columns. Li et al. (2012) have carried out compression 
tests on tapered CFDST stub columns, which present a similar ductile failure mode to straight 
CFDST stub columns. 
 
Kuranovas and Kvedaras (2007a and 2007b) have developed a spinning method to fabricate 
hollow concrete-filled steel tubular (H-CFST) members, a CFDST composite member but 
without the inner steel pipe. During the fabrication, a strap-spinning machine generates 
centrifugal forces to displace and compact the wet concrete mix inside the steel pipe. 
Operating this process for once or several times, an H-CFST member obtains single-layered or 
multi-layered concrete ( 30cf  MPa). Based on an experimental investigation, the authors 
analyzed the stress states of the concrete in H-CFST composite columns under the axial 
compression. For H-CFST columns with single-layered concrete, only the concrete at the 
interface between the steel pipe and the concrete layer achieves the tri-axial stress state, 
indicating the limited confinement effect. For H-CFST columns with multi-layered concrete, 
tri-axial stress state appears in the external concrete layers due to the confinement from the 
internal concrete layers. This indicates indirectly the function of the inner steel pipe for the 
CFDST composite structures in resisting the external loadings. 
   
Besides the compressive behavior, some people have studied the performance of CFDST 





behavior of the pipe-in-pipe composite members under the external pressures (Arjomandi and 
Taheri, 2011; An, et al., 2012). Uenaka (2013) has tested the behavior of CFDST composite 
deep beams, with large diameter-to-thickness ( /o oD t ) ratios for outer pipes, under the shear 
force.       
 
Recently, researchers have started to investigate the flexural behavior of concrete-filled pipe-
in-pipe composite beams under the transverse loadings. Uenaka and Kitoh (2011) carry out a 
three-point bending test to study the mechanical behavior of concrete-filled pipe-in-pipe deep 
beams under a combined action of shear and bending. The test results indicate that the smaller 
the diameter ratio between the outer pipe and the inner pipe ( /i oD D ), the higher is the 
structural capacity. The researchers also find that the steel and the concrete ( 27cf  MPa) 
restrain the deformations for each other under the external bending. Liew and Xiong (2012) 
have investigated experimentally the flexural behavior of CFDST composite beams with ultra-
high strength concrete ( 180cf  MPa, 2650c  kg/m3). The authors follow a similar 
approach in Eurocode 4 (2004) for CFST members to calculate the ultimate flexural capacity 
( uM ) for CFDST composite beams with the strength contribution from the inner steel pipe. 
Compared to the test data, Eurocode 4 (2004) provides a conservative estimation on the 
structural flexural strength by about 20%. Zhao and Leung (2013) study the ultimate flexural 
capacity for CFDST beams, consisting of two steel or FRP (fiber reinforced polymer) tubes 
with inflled concrete in-between the two tubes. They shift the inner tube towards the tensile 
side to achieve more steel or FRP in tension and more concrete in compression compared to 
the concentric pipe-in-pipe composite structures. Considering the position change of the inner 
tube, they propose a similar approach as Liew and Xiong’s method (2012) and predict 
accurately on the maximum bending moment capacity for CFDST beams with steel tubes. 
Masaru et al. (2013) carry out the four-point bending test on CFDST beams with shear 
connectors. The shear connectors, welded to the internal surface of the outer pipe or the 





composite action between the steel pipes and the concrete layer, leading to the increment of the 
flexural capacity for CFDST members. 
 
The aforementioned static studies on the concrete-filled pipe-in-pipe systems prove the 
promising applications and huge potential of this composite structure. Engineering applications 
of such composite structure in a harsh environment requires an improved understanding on its 
dynamic behavior. However, limited literature for concrete-filled pipe-in-pipe composite 
structure under the dynamic loadings is available now. Corbett et al. (1990) have studied the 
local penetration resistance of the concrete-filled pipe-in-pipe composite systems by firing a 
12.7 mm diameter hemi-spherically tipped projectile, with a mass of 72.5 g and an impact 
velocity ranging from 40 m/s to 200 m/s, from a compressed air gun onto the sandwich 
composite pipe. The sandwich composite pipe consisted of a normal weight concrete 
( 2273c  kg/m3) layer with an average compressive strength of 55.9 MPa. The pipe-in-pipe 
composite specimens, with a considerable concrete layer thickness, demonstrated superior 
resistance against impacts and higher energy absorption capacity than that of the hollow pipes 
and the sandwich composite pipes with too thin concrete layer.  
 
Most of the above studies on CFDST composite structures utilize normal weight concrete, with 
a compressive strength [18.7 MPa, 66.4 MPa]cf  , as filler materials. In recent years, some 
researchers have explored the dynamic performance of pipe-in-pipe composite structures filled 
with aluminum foam, which is much lighter ( 3 3[210 kg/m , 530 kg/m ] ) and ductile 
compared to the concrete. Guo and Yu (2011) have investigated experimentally and 
numerically (using ABAQUS) the transverse impact performance of aluminum foam filled 
pipe-in-pipe composite structures, simply supported with rubber bands at both ends to prevent 
the uplifting of the specimen during the impact test. The mass of the drop weight is 24.23 kg 
and the drop height is 141.8 cm, with an impact velocity of 1.67 m/s. Compared to the hollow 





more stable load carrying capacity and significantly higher specific energy absorption ( SEA ), 
defined as, 
/a pSEA E m  (2.42) 
where aE  refers to the energy absorbed by the composite pipe and pm  denotes the mass of the 
composite pipe. Li et al. (2013) have extended the study to determine the crashworthiness of 
the aluminum foam filled pipe-in-pipe composite structures. Fan et al. (2011, 2013a and 2013b) 
have carried out a series of experimental and numerical investigations on the dynamic response 
of aluminum foam filled short sandwich tubes impacted between two rigid plates with an 
impact velocity ranging from 1 m/s to 10 m/s. The numerical study, conducted by the finite 
element software ABAQUS, explores the energy absorption properties of the sandwich 
composite tubes under the impact velocity upto 100 m/s. Shen et al. (2012) have examined the 
blast resistance of aluminum foam filled short sandwich tubes subjected to an internal TNT 
explosive loading. They further develop FE models using LS-DYNA to have an insight on the 
dynamic behavior of the sandwich composite tubes. The aluminum foam filled pipe-in-pipe 
composite structures demonstrate excellent energy absorption capacity under impact and 
explosive loadings. However, the yield strength of aluminum foam under the compression is 
relative low with a range from 1.9 MPa to 9.7 MPa and the cost of such metallic foam is quite 
high.     
2.6 Filler Materials for Composite Structures 
Another advantage for steel composite panels and pipes is that such structures utilize different 
kinds of materials filling in-between the steel plates or pipes to achieve various engineering 
purposes. At present, normal weight concrete ( 2400  kg/m3) has been one of the most 
commonly used filler materials in the steel-concrete composite structures for its low price, 
mature and applicable casting technology. During the past few years, researchers have 
investigated other filler materials for different applications. To increase the structural capacity, 
Liew and Xiong (2012) employ a novel kind of ultra-high strength concrete, with a 





CFST and CFDST composite members. To alleviate the compaction of the infilled concrete, 
some researchers adopt self-consolidating concrete (SCC) as the filler material (Han et al., 
2005; Hou et al., 2013). The SCC requires no vibration during the casting, which is very 
suitable for SCS composite panels and pipe-in-pipe composite members with small space 
between the two steel skins. To enhance the structural energy absorption capacity, people have 
recently applied metallic foam, such as aluminum foam (   often <800 kg/m3), as the filler 
material in sandwich composite panels (Qin and Wang, 2013; Jing et al., 2014) and pipe-in-
pipe composite members (Guo and Yu, 2011; Fan et al., 2011). The aluminum foam 
demonstrate superior specific energy absorption ( SEA ) under impact and blast loadings (Shen 
et al., 2012; Li et al., 2013; Fan et al., 2013a and 2013b). Remennikov et al. (2011) have 
proved that rigid polyurethane foam (RPF) is another good choice for filler materials in 
composite structures against impact loads for its high energy absorption capacity. To reduce 
the structural weight, Remennikov et al. (2013) utilize lightweight concrete ( 1400c  kg/m3) 
as the filler material in SCS composite panels. The lightweight filler material has a slight 
influence on the ultimate load capacity of the SCS composite panels since the compressive 
strength of the material is only 10 MPa.  
 
For marine and offshore infrastructures, especially the pipeline systems with hundreds of 
kilometers in length, the structural mass is usually an unavoidable consideration during the 
design and erection phase for the mass influences directly the cost of construction and 
transportation. The development of lightweight concrete in recent years has provided a strong 
support to these weight sensitive structures in engineering applications (Fernandez and Pardo, 
2013). To avoid some shortcomings of the lightweight concrete such as the limited impact 
resistance, the low tensile/compressive strength ratio, the low flexural strength and toughness 
as well as the high brittleness, researchers have introduced randomly distributed short fibers 
into the concrete and obtained significant improvement in the material impact resistance and 





long-term and dynamic performance, polymer and metallic fibers have recently attracted more 
attentions and research interests than normal fibers (Toutanji et al., 2010; Wang and Wang, 
2013).  Polyvinyl alcohol (PVA) fiber is a new kind of polymer fiber with high performance in 
concrete and mortar materials. They control effectively the development of micro-cracks in 
concrete materials due to their high tensile strength and elasticity modulus. By adding a low 
volume portion (within 1.0%) of PVA fibers into the matrix, cement composite demonstrates 
an enhanced impact resistance and impact energy absorption capability (Xu et al., 2010). 
   
Liew et al. (2009) apply lightweight concrete with steel or PVA fibers as the filler material in 
SCS composite panels subjected to transverse impacts. The lightweight concrete has an 
average density of 1450 kg/m3 and a compressive strength about 30 MPa. The presence of steel 
and PVA fibers reduces significantly the cracks and enhances the integrity of the SCS panels 
under the impact loading. Sohel et al. (2012) have recently utilized the ultra lightweight 
cement composite (ULCC), developed by Chia et al. (2011), as the filler material to optimize 
the structural weight of SCS composite panels for offshore constructions. This novel kind of 
cement composite has a compressive strength over 60 MPa and an average density of 1450 
kg/m3, which barely exceeds 60% of the unit weight for the normal weight concrete, i.e., 2400 
kg/m3. Besides the weight saving, the absence of coarse aggregates leads to a highly workable 
material suitable for pumping and grouting, especially for SCS panels with shallow depth and 
pipe-in-pipe composite structures with small annular thickness. By applying steel or PVA 
fibers in the ULCC, the SCS composite panels demonstrate high ductility and shear resistance 
under the static bending (Sohel et al. 2012).     
2.7 Observations Arising from the Literature Review 
External interference, including lateral indentations and transverse impacts, has become a 
primary threat and a frequent cause for the damages incurred in onshore and offshore pipelines. 
Researchers have conducted extensive experimental and numerical studies on the structural 





pipes demonstrate limited resistance against external interference, coupled with large global 
and local deformations. The theoretical investigations reflect the lack of a uniform force-
indentation (P-δ) relationship for both thick-walled and thin-walled hollow pipes under 
different indentation levels and also a lack of sound dynamic model to evaluate the impact 
response for hollow pipes. Simply support and continuously support are two common seen 
boundary conditions for offshore pipelines. 
 
Steel-concrete composite structures, including SCS panels, CFST members and CFDST 
systems, exhibit high structural capacity, ductility and energy absorption capability under both 
static and dynamic loadings. However, studies on the transverse impact performance of steel-
concrete composite structures, especially the pipe-in-pipe composite systems, are still limited 
(see Tables 2.3 and 2.4). In addition, theoretical investigations for the indentation behavior and 
the impact response for pipe-in-pipe composite structures are necessary for practical 
applications in the future.  
 
Lightweight concrete or cement composite materials (like the ULCC) are suitable for marine 
and offshore structures. The ductility and the impact performance of the lightweight composite 
material enhance significantly by adding steel or PVA fibers.  
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3.1 Introduction  
The drop weight impact test has become a commonly used experimental technique to study the 
behavior of tubular members, or other structures, under the low velocity impacts. The general 
response of structures under the transverse impact consists of the impact force response, the 
global and the local deformation response, which all reflect the impact performance of the 
structures.    
 
This chapter presents an experimental investigation on the transverse impact behavior of ultra 
lightweight cement composite (ULCC) filled pipe-in-pipe structures. The chapter starts with a 
description on the drop weight impact test program including six hollow pipe specimens, six 
ULCC-filled pipe specimens and sixteen ULCC-filled pipe-in-pipe specimens. The next 
section presents the test results and discusses the effect of each component in the pipe-in-pipe 
composite specimen in resisting the impact load. This section also proposes a post-peak mean 
force ( mP ) and an energy absorption capacity ( )EAC  to evaluate the impact performance for 




the three types of tubular structures. The last section summarizes the observations and 
conclusions from the experimental study.       
3.2 Test Specimens and Set-up 
3.2.1 Test Specimens 
The impact test program includes sixteen ULCC-filled pipe-in-pipe specimens together with 
six hollow pipe specimens and six ULCC-filled pipe specimens for comparison reasons, all 
with the same length 2L  m and the outer diameter 219oD  mm as listed in Tables 3.1 to 
3.3. Tables 3.1 and 3.2 show the details for the hollow steel pipe (HSP) specimens and the 
cement composite filled pipe (CCFP) specimens respectively, with steel pipe thickness varying 
from 5 mm to 10 mm. Table 3.3 presents the specific information for the cement composite 
filled pipe-in-pipe (CCFPIP) specimens, with different outer pipe thicknesses, cement 
composite layer thicknesses and inner pipe thicknesses. The coupon test for steel materials 
(S355) follows the procedure outlined in ASTM E-8M (2011) to determine the uni-axial true 
stress-true strain relationships, as shown in Fig. 3.1. 
Table 3.1 Details of the hollow steel pipe (HSP) specimens. 
Specimen L  (mm) oD  (mm) ot  (mm) y  (MPa) 
HSP-1-1 2 219.1 10.0 399.7 
HSP-1-2 2 219.1 10.0 399.7 
HSP-2-1 2 219.1 6.3 395.4 
HSP-2-2 2 219.1 6.3 395.4 
HSP-3-1 2 219.1 5.0 419.8 
HSP-3-2 2 219.1 5.0 419.8 
 
Table 3.2 Details of the cement composite filled pipe (CCFP) specimens. 














CCFP-1-1 2 219.1 10.0 399.7 60.6 1460 0.5 
CCFP-1-2 2 219.1 10.0 399.7 60.6 1460 0.5 
CCFP-2-1 2 219.1 6.3 395.4 64.9 1470 0.5 
CCFP-2-2 2 219.1 6.3 395.4 64.9 1470 0.5 
CCFP-3-1 2 219.1 5.0 419.8 63.8 1455 0.5 
CCFP-3-2 2 219.1 5.0 419.8 63.8 1455 0.5 
 
























CCFPIP-1-1 219.1 10.0 139.7 5.0 29.7 399.7 63.8 1455 0.5 
CCFPIP-1-2 219.1 10.0 139.7 5.0 29.7 399.7 63.8 1455 0.5 
CCFPIP-2-1 219.1 6.3 139.7 5.0 33.4 395.4 64.9 1470 0.5 
CCFPIP-2-2 219.1 6.3 139.7 5.0 33.4 395.4 64.9 1470 0.5 
CCFPIP-3-1 219.1 5.0 139.7 5.0 34.7 419.8 64.9 1470 0.5 
CCFPIP-3-2 219.1 5.0 139.7 5.0 34.7 419.8 64.9 1470 0.5 
CCFPIP-4 219.1 10.0 139.7 6.3 29.7 399.7 60.6 1460 0.5 
CCFPIP-5-1 219.1 6.3 139.7 6.3 33.4 395.4 60.6 1460 0.5 
CCFPIP-5-2 219.1 6.3 139.7 6.3 33.4 395.4 60.6 1460 0.5 
CCFPIP-5-3 219.1 6.3 139.7 6.3 33.4 400.1 59.5 1450 - 
CCFPIP-5-4 219.1 6.3 139.7 6.3 33.4 400.1 59.5 1450 - 
CCFPIP-6 219.1 5.0 139.7 6.3 34.7 419.8 60.6 1460 0.5 
CCFPIP-7-1 219.1 6.3 168.3 6.3 19.1 395.4 60.6 1460 0.5 
CCFPIP-7-2 219.1 6.3 168.3 6.3 19.1 395.4 60.6 1460 0.5 
CCFPIP-7-3 219.1 6.3 168.3 6.3 19.1 400.1 59.5 1450 - 
CCFPIP-7-4 219.1 6.3 168.3 6.3 19.1 400.1 59.5 1450 - 
 
(a) 10.0ot  mm (b) 6.3ot  mm 
 
(c) 5.0ot  mm 
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Figure 3.2a demonstrates the pipe specimens, held vertically by a steel frame, during the 
casting. Figure 3.2b shows the details for the pipe-in-pipe specimens with four 10 mm thick 
steel plates, welded between the two steel pipes at each end of the specimen to ensure the 
concentricity of the outer and the inner steel pipe. During the casting, a mechanical pump 
pumps the cement composite through a small hole, cut close to the bottom end of the pipe (see 
Fig. 3.2c), into the pipe specimen. Figure 3.2c also displays a steel plate, welded to the bottom 
end of the pipe, to prevent the cement composite from flowing out during the casting. The top 




Fig. 3.2 Specimen preparation: (a) casting by a pump; (b) details for CCFPIP specimens;  
and (c) hole with valve to connect with the pump for casting.   
 
3.2.2 Ultra Lightweight Cement Composite (ULCC) 
In this study, the two types of the composite pipe specimens apply the ultra lightweight cement 
composite (ULCC), developed by Chia et al., (2011), to optimize the structural weight. The 
ULCC does not strictly belong to the concrete material category, as it does not contain coarse 
aggregates [with the diameter > 5.0 mm (SS EN 12620, 2008)]. The cement composite adopts 
lightweight cenospheres to reduce the unit weight and silica fume as the supplementary 
cementitious material to densify the structure as well as to enhance the strength development. 
The water-to-binder ratio remains low with the application of Superplasticiser (ADVA® 181) 
to achieve good workability. Meanwhile, the mixtures also contain shrinkage-reducing 
 




admixture (Eclipse® Floor) in order to reduce shrinkage strains and air contents. In most pipe-
in-pipe specimens (see Table 3.3), the ULCC contains 0.5% (by volume) polyvinyl alcohol 
(PVA) fibers (Kuralon RECS 7/6 mm) to avoid disadvantages of the plain lightweight cement 
composite such as high brittleness and low impact resistance. The ULCC has a 28-day 
compressive strength about 60 MPa and an average density of 1460 kg/m3, which barely 
exceeds 60% of the unit weight for the normal weight concrete i.e., 2400 kg/m3. Besides the 
weight saving, the absence of the coarse aggregates leads to a highly workable material 
suitable for pumping and grouting. This enhances significantly the construction efficiency, 
especially for pipe-in-pipe composite structures. 
Table 3.4 Material properties of the ultra lightweight cement composite (ULCC). 
Batch No. c (kg/m3) cf  (MPa) tf  (MPa)   cE  (GPa) fV  (%) 
1 1455 63.8 3.3 0.25 16.6 0.5 
2 1470 64.9 4.0 0.27 16.9 0.5  
3 1460 60.6 4.0 0.26 17.1 0.5  
4 1450 59.5 3.4 0.30 14.8 - 
 
The experimental program includes four batches of the ULCC, in which three batches 
containing PVA fibers (0.5% by volume). Table 3.4 summaries the material properties for the 
four batches of the ULCC obtained from material tests (cylinder and cube tests for 
compressive strength and split cylinder tests for tensile strength) after 28 days of curing. The 
average density of the ULCC with PVA fibers is 1460 kg/m3 with a mean compressive 
strength of 63.1 MPa. On the other hand, the ULCC without PVA fibers exhibits a slightly 
lower density and compressive strength of 1450 kg/m3 and 59.5 MPa respectively. Figure 3.3 
presents a typical uni-axial stress-strain curve for the ULCC under the compression. Although 
the compressive strength for the ULCC only increases by about 5% by adding PVA fibers, the 
damage modes for the ULCC cubes with or without PVA fibers demonstrate significant 
differences in the uni-axial compressive test, as shown in Fig. 3.4. The PVA fibers increase the 
integrity of the ULCC cube. Without the PVA fibers, the ULCC cube experience severe 
crushing under the compression.  





Fig. 3.3 Uni-axial stress-strain relationship for the ULCC under the compression.  
 
          
(a) ULCC with PVA fibers. (b) ULCC without PVA fibers. 
Fig. 3.4 Damage modes of the ULCC cubes under the uni-axial compression. 
 
3.2.3 Test Set-up and Test Procedure 
The drop weight impact test system includes a 7.5-meter tall steel frame and a rigid base, both 
firmly bolted to the ground to increase the system stability (see Fig. 3.5). The drop weight, 
consisting of several steel blocks, falls down along the steel rails by the guidance of greased 
rollers on its sides to ensure a vertical impact onto the mid-span of the specimen. The impact 
test achieves various striking velocities and energies by attaching different numbers of steel 
blocks on the projectile as well as raising the drop weight to different heights through a 
mechanical hoisting winch. This study adopts a drop weight of 1350 kg and a drop height ( )H
of 3.4 m for all specimens, except four hollow pipe specimens, with the same drop weight 













wedge-shaped indenter, with a semi-cylindrical head ( 30r   mm) and a width of 300 mm, as 
illustrated in Fig. 3.5. The indenter, made of a high strength, hard steel, connects to the upper 
part of the drop weight through three dynamic load cells to measure the impact forces during 
the test.   
 
Fig. 3.5 Low velocity drop weight impact test system. 
 
Figure 3.6a sketches a simply supported pipe with three linear potentionmeters attached by 
screws to three different locations along the bottom to record the global displacement during 
the impact test. Eight strain gauges, comprising of four post-yield strain gauges near the 
impact point (the mid-span) and four common strain gauges attached to the top and the bottom 
points of the pipe section at the quarter-span, monitor the deformations in each specimen and 
measure the strain values for subsequent calibrations of the FE analyses. During the impact 
test, a laser system, consisting of two photodiodes and two laser sources, triggers a 16-channel 
digital oscilloscope to acquire the experimental signals. The two laser sources align along a 
vertical line close to the top surface of the specimen. When the indenter hits the upper laser 
light, the data acquisition system starts to capture signals from all the sixteen sensors, 




including three dynamic load cells, three potentiometers, eight strain gauges and two 
photodiodes. When the indenter continues falling and intercepts the lower laser light, the laser 
system records a signal change from the lower photodiode to calculate the passing velocity pV . 
Therefore, the initial impact velocity of the drop weight is the sum of the passing velocity 
captured by the laser system and the velocity due to the gravitational acceleration ( g ) over the 
short distance from the bottom laser to the top surface of the pipe, 
2 2o p l pV V g     (3.1) 
where oV  refers to the initial impact velocity and l p  denotes the short distance (50 mm) 
from the lower laser source to the top surface of the specimen, as shown in Fig. 3.6a. In this 
study, the initial impact velocity of the drop weight is around 93% of its free fall speed 
(calculated from the total drop height) due to the energy losses caused by the friction between 
the steel rails and the rollers in the testing system. Table 3.5 summarizes the drop height and 
the corresponding impact velocity for each specimen. The data acquisition system records 
signals from the load cell and the potentiometer as voltage values and collects the strain data 
via a strain bridge head as micro strains. The sampling rate in this dynamic test is 2×105 per 
second, i.e., the experimental data are recorded at every 5 μs, leading to a detailed reflection of 
the whole impact process.  During the impact, high-frequency random electrical noises 
influence the electronic signals for the impact forces, the global displacements and the strain 
values. Thus, this experimental program utilizes a low-pass second-order Butterworth filtering 
software (Liew et al., 2009) to remove the unwanted noise frequencies from the measured 
digital signals. The experimental program employs end plates ( 10t  mm) welded inside each 
hollow pipe specimen at the positions of the two saddle supports (see Fig. 3.6a) to restrain 
large plastic deformations at the support positions during the impact test. This practice leads to 
localized impact damage around the impact location (the mid-span of the pipe specimens). In 
contrast, the pipe-in-pipe specimens do not require an end plate be welded inside the inner 
pipe, due to the significantly strengthened sandwich pipe wall. As expected, all three types of 
the pipe specimens experience little deformation around the saddle supports after the impact. 





(a) Schematic diagram of the pipe specimen. 
 
(b) Simply supported pipe specimen. 
 
(c) Impact test set-up. 
Fig. 3.6 Experimental set-up for the drop weight impact test. 
 
A high speed camera (1000 frames/s) records the whole impact process, including the 
movement of the drop weight and the global deformation of the specimen near the mid-span. 
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high speed camera and the pipe specimen should be larger than 2.0 m in this impact test 
program. Due to the limited space in the laboratory, the current test set-up has to place the 
camera at an angle to the pipe specimen (see Fig. 3.6c) while not perpendicular to the 
specimen, which still provides useful information of the impact process.  
 
Figure 3.7 illustrates the saddle support, made of high strength hard steel,  near the end of the 
pipe specimen. The saddle support, restrained upwards by two steel plates with a curved slot, 
rotates freely about the support base under the impact loading, as detailed in Fig. 3.7. A steel 
bracket, bolted to the saddle support, prevents the uplifting of the specimen and the sliding 
between the pipe specimen and the saddle support during the test. The steel bracket has the 
same width of 65 mm as the saddle support. This study employs the saddle supports to provide 
simply support boundary condition to investigate both global and local response of the pipe 
specimens under the transverse impact. When all the test set-up is ready, the motorized winch 
slowly hoists the drop weight to the desired height. The impact test starts by releasing the drop 
weight after a few rounds of checks on the instrumentation and the laser system. After repeated 
impacts in this experimental program, the hard steel indenter remains undeformed. 
 
Fig. 3.7 Saddle support. 
 
3.3 Test Results and Discussion 
Table 3.5 summarizes the experimental results for all the twenty-eight pipe specimens. Figure 
3.8 compares the impact force history (Figs. 3.8a and 3.8b), the global displacement history 
(Fig. 3.8c and 3.8d) and the local indentation profiles (Figs. 3.8e and 3.8f) for three typical 
pairs of specimens, belonging to the three different types of pipe specimens. For specimens 




with the same geometric dimensions, material properties and drop height (H), the test results 
(in Table 3.5 and Fig. 3.8) confirm their repeatability in the measured impact response, with 
slight variations caused by the small difference in the impact velocities. For HSP-2-1, the 
global displacement has exceeded the measuring limit of the potentiometer, leading to missing 
data and potential damage of the potentiometer positioned at the mid-span. The drop height for 
the four subsequent impact tests on the hollow pipe specimens (HSP-1-2, HSP-2-2, HSP-3-1 
and HSP-3-2) therefore decreases to 1.0 m. This reduced drop height causes an apparent 
decrease in the measured impact force and the corresponding deformations (see Table 3.5).  






















 EAC  
HSP-1-1 3.4 7.54 38.4 444.0 80.0 74.0 335.0 23.9 0.62 281.3 
HSP-1-2 1.0 4.33 12.7 345.6 25.5 32.9 276.6 6.0 0.47 250.6 
HSP-2-1 3.4 7.30 36.0 242.8 - 159.3 - - - 123.7 
HSP-2-2 1.0 4.23 12.1 132.2 56.0 66.4 118.3 5.8 0.48 173.3 
HSP-3-1 1.0 4.23 12.1 92.3 91.6 103.3 70.4 5.8 0.48 134.5 
HSP-3-2 1.0 4.11 11.4 85.1 87.8 97.2 64.1 5.1 0.45 129.3 
CCFP-1-1 3.4 7.83 41.4 1038 54.4 5.8 710.2 35.8 0.86 445.2 
CCFP-1-2 3.4 7.44 37.4 1100 52.1 5.4 659.9 34.1 0.91 407.0 
CCFP-2-1 3.4 7.59 38.9 831.5 76.0 7.3 513.9 36.1 0.94 358.0 
CCFP-2-2 3.4 7.33 36.3 834.2 72.9 6.9 538.3 35.3 0.97 357.3 
CCFP-3-1 3.4 7.19 34.9 680.4 80.4 9.1 408.8 31.8 0.91 283.7 
CCFP-3-2 3.4 7.62 39.2 711.6 84.6 9.3 429.2 35.0 0.89 293.0 
CCFPIP-1-1 3.4 7.56 38.6 607.5 50.7 21.0 546.8 25.6 0.66 385.3 
CCFPIP-1-2 3.4 7.41 37.1 626.6 47.5 22.9 545.3 25.0 0.67 352.0 
CCFPIP-2-1 3.4 7.56 38.6 517.8 71.9 23.5 403.7 26.6 0.69 299.0 
CCFPIP-2-2 3.4 7.61 39.1 539.6 72.3 23.0 403.2 27.2 0.70 308.3 
CCFPIP-3-1 3.4 7.38 36.8 492.7 79.2 24.6 357.6 24.7 0.67 274.8 
CCFPIP-3-2 3.4 7.61 39.1 501.2 80.0 23.9 352.0 26.8 0.69 294.3 
CCFPIP-4 3.4 6.99 33.0 644.9 44.6 18.3 571.3 21.2 0.64 337.5 
CCFPIP-5-1 3.4 7.65 39.5 543.2 65.8 21.0 451.7 26.2 0.66 344.1 
CCFPIP-5-2 3.4 7.76 40.6 592.7 67.8 21.9 474.4 29.7 0.73 375.2 
CCFPIP-5-3 3.4 7.67 39.7 538.3 67.0 21.6 438.6 26.6 0.67 326.3 
CCFPIP-5-4 3.4 7.67 39.7 540.9 66.4 22.0 440.2 27.9 0.70 336.7 
CCFPIP-6 3.4 7.56 38.6 524.6 77.5 22.5 399.8 29.0 0.75 294.0 
CCFPIP-7-1 3.4 7.72 40.2 540.4 64.9 39.8 400.2 23.9 0.59 309.3 
CCFPIP-7-2 3.4 7.75 40.5 546.7 65.7 40.9 439.6 25.3 0.62 308.3 
CCFPIP-7-3 3.4 7.78 40.9 524.9 67.6 42.8 390.5 24.8 0.61 288.5 
CCFPIP-7-4 3.4 7.58 38.8 514.8 67.2 39.7 394.2 25.0 0.64 289.1 
Parameters oV , mP  and EAC  are calculated from Eqs. (3.1), (3.3) and (3.6) respectively. 




(a) Impact force history for HSP-3-1 and    
HSP-3-2 
(b) Impact force history for CCFP-3-1,      
CCFP-3-2, CCFPIP-3-1 and CCFPIP-3-2 
 
(c) Global displacement history for HSP-3-1 
and HSP-3-2 
(d) Global displacement history for CCFP-3-1, 
CCFP-3-2, CCFPIP-3-1 and CCFPIP-3-2 
(e) Local indentation profile for HSP-3-1 and    
HSP-3-2 
(f) Local indentation profile for CCFP-3-1,   
CCFP-3-2, CCFPIP-3-1 and CCFPIP-3-2 
Fig. 3.8 Comparison of the impact response for specimens with the same geometric 
dimensions, material properties and drop height.  
 
3.3.1 Damage Mechanisms 
Figure 3.9 shows the side view and the top view for typical specimens, with the same outer 
pipe thickness ( 6.3ot  mm), after the impact. During the impact, the indenter maintains a 







































































the mid-span, leading to the flaking off of the white coating around the impact zone (see Fig. 
3.9a). The large plastic deflection at the mid-span for HSP-2-1 has exceeded the measuring 
capacity (200 mm) of the potentiometer. Compared to HSP-2-1, the reduction in the impact 
velocity allows a smaller impact energy and thus a less severe damage in HSP-2-2, as shown in 
Fig. 3.9b. The specimen CCFP-2-1 experiences an apparent global bending deformation under 
the impact but little local indentation due to the presence of the infilled cement composite (see 
Fig. 3.9c). The specimen CCFPIP-2-1 reflects a significantly enhanced impact performance, 
with smaller deformation and more localized indentation (see Fig. 3.9d), than those of the 
hollow pipes specimens. For all specimens, the larger the global bending deformation is, the 
more noticeable is the rotation of the saddle support, as displayed in Fig. 3.9. Figure 3.9 
highlights the serious damage area with circles and indicates the rotation of the pipe specimens 
with reference lines. 
 
(a) HSP-2-1( 7.30oV  m/s) 
 
(b) HSP-2-2 ( 4.23oV  m/s) 
 
(c) CCFP-2-1( 7.59oV  m/s) 
 
(d) CCFPIP-2-1 ( 7.56oV  m/s) 
Fig. 3.9 Damage model for typical specimens after the impact. 
 




Figure 3.10 presents the failure modes of the ULCC inside CCFP-2-1 and CCFPIP-2-1 by 
removing the outer steel pipe at the mid-span. The ULCC in CCFP-2-1 demonstrates obvious 
cracks at the bottom, as shown in Fig. 3.10a. In contrast, the cracks of the ULCC in CCFPIP-2-
1 are not so obvious (see Fig. 3.10b). The ULCC in the pipe-in-pipe composite specimen 
CCFPIP-2-1 remains intact due to the strong confinement provided by the two steel pipes 
except for some marginal cracks near the bottom of the mid-span and minor crushing around 
the impact zone. 
                     
    (a) CCFP-2-1 (Vo=7.59m/s)                 (b) CCFPIP-2-1 (Vo=7.56m/s) 
Fig. 3.10 Failure of the ULCC in the composite specimens. 
 
3.3.2 Impact Force 
In this study, the impact force equals the sum of the forces measured by three dynamic load 
cells after filtering out the high-frequency noises. Figure 3.11 compares the measured impact 
force over time for the hollow pipe and the pipe-in-pipe composite specimens. The impact 
force increases sharply to a peak value at the very beginning of the strike as the specimen 
accelerates from a zero velocity to a speed approaching that of the indenter. This force induces 
drastic vibrations of the drop weight and the specimen tries to escape from the drop weight, 
leading to fast changes of the contact area between the specimen and the drop weight, reflected 
as fluctuations in the impact force history. For ULCC-filled pipe-in-pipe specimens and 
ULCC-filled pipe specimens, the sequential crushing and cracking of the cement composite is 
another reason for the fluctuations in the impact force. After the vibration phase, the pipe 
specimen and the drop weight move downwards together and remain in contact, as observed 
by the high speed camera. The impact force enters into a plateau phase, which reflects the 
actual structural capacity under the lateral impact. When the specimen reaches its maximum 
global displacement maxw , the pipe and the drop weight rebound upwards together. However, 




the drop weight rebounds at a faster speed than does the pipe specimen, the bending stiffness 
of which slows down the rebound. The difference in the rebounding velocity between the pipe 
and the drop weight reduces the contact area between them and leads to the unloading of the 
impact force, as illustrated in Fig. 3.11. The impact force decreases eventually to zero due to 
the complete separation of the pipe specimen and the drop weight.  
    (a) HSP-1-1, CCFP-1-1 and CCFPIP-1-1 
 
(b) HSP-1-1, HSP-1-2, HSP-2-2 and        
HSP-3-1 
     (c) CCFP-1-1, CCFP-2-1 and CCFP-3-1 
 
 
(d) CCFPIP-1-1, CCFPIP-2-1 and      
CCFPIP-3-1 
   (e) CCFPIP-4, CCFPIP-5-1 and CCFPIP-6 
 
 
(f) CCFPIP-2-1, CCFPIP-5-1 and     
CCFPIP-7-1 
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Hence, the impact force history as well as the impact process consist of three phases, as also 
observed by some other researchers (Wang et al., 2013; Yousuf et al., 2013), i.e., the vibration 
phase, the stable phase (till the specimen reaches the maximum global displacement) and the 
unloading phase. For the specimens with the same impact height, the higher the impact force, 
the shorter is the whole impact duration (see Fig. 3.11).  
 
Various parameters affect the impact force. In this study, the mass and the shape of the 
indenter attached to the drop weight and the boundary conditions are the same for all 
specimens. The material properties and the initial impact velocity (except for the four hollow 
pipe specimens with a low drop height of 1.0 m as shown in Table 2) remain within a small 
range. Only the structural configuration and the geometric dimensions, therefore, have a 
significant influence on the impact force. Figure 3.11a shows the force history curves for HSP-
1-1, CCFP-1-1 and CCFPIP-1-1, the three types of pipe specimens with the same outer pipe 
thickness ( 10ot  mm) and impact height ( 3.4H  m). Compared to the hollow pipe (HSP-1-
1), the pipe-in-pipe composite specimen (CCFPIP-1-1) demonstrates a much higher impact 
force since the steel-cement composite-steel sandwiched pipe wall enhances both the local 
resistance and the global stiffness for the composite pipe system. Similarly, the presence of the 
ULCC increases the local resistance and the global stiffness for the cement composite filled 
pipe (CCFP-1-1), which presents the highest impact force among the specimens. Figure 3.11b 
depicts the force history curves for four hollow pipe specimens, i.e., HSP-1-1, HSP-1-2, HSP-
2-2 and HSP-3-1. For the two thick-walled pipes ( 10ot  mm), the impact force for HSP-1-1 is 
higher than that of HSP-1-2 since the higher impact velocity for HSP-1-1 creates a higher 
impact energy and generates a more severe local indentation in HSP-1-1. For the three hollow 
pipe specimens with the same drop height ( 1H  m), the impact force increases significantly 
with the increment of the pipe thickness. The increase in the steel pipe thickness leads to a 
higher membrane and bending resistance. For the similar reason, the impact force for cement 
composite filled pipes enhances with the increase of the pipe thickness, as shown in Fig. 3.11c. 




The impact force also increases obviously with the increase of the outer pipe thickness for the 
pipe-in-pipe composite specimens with the same inner pipe thickness ( 5it  mm and 6.3it 
mm, respectively), as reflected in Figs. 3.11d and 3.11e. Figure 3.11f illustrates the force 
history curves for three pipe-in-pipe specimens with the same outer pipe thickness ( 6.3ot 
mm). The maximum impact forces for the three pipes remain close to each other with a 
deviation within 4%. However, the impact force in the stable phase for CCFPIP-5-1 is 
obviously higher (more than 10%) than those for CCFPIP-2-1 and CCFPIP-7-1. The 
comparison between CCFPIP-2-1 and CCFPIP-5-1 indicates that the increase in the inner pipe 
thickness enhances the structural strength. On the other hand, the cement composite also 
imposes an effect on the impact resistance. For CCFPIP-5-1 and CCFPIP-7-1, two sandwich 
composite specimens with the same outer and inner pipe thickness ( 6.3ot  mm and 6.3it 
mm), the increase in the cement composite layer thickness enhances the impact force in the 
stable phase since the thicker cement composite layer provides a larger local resistance. 
3.3.3 Global Displacement 
In this study, the global displacement refers to the bottom displacement at the mid-span of the 
pipe specimen, measured by potentiometers, as shown in Fig. 3.6. Figure 3.12 illustrates the 
global displacement time history for typical specimens. The global displacement increases 
gradually to its peak value and then decreases with the rebound of the specimen. After the 
separation of the specimen and the drop weight, the pipe recovers the elastic portion of the 
deflection and starts to vibrate freely, leading to the residual deformation of the pipe and the 
slight oscillation of the displacement curve. Figure 3.12a displays the global displacement 
history for three specimens, i.e., HSP-1-1, CCFP-1-1 and CCFPIP-1-1. Compared to the 
hollow pipe (HSP-1-1), the cement composite filled pipe (CCFP-1-1) and the pipe-in-pipe 
composite specimen (CCFPIP-1-1) undergo much smaller global bending deformations. Table 
3.5 shows that the maximum global displacements ( )maxw for thin-walled hollow pipes HSP-3-
1 and HSP-3-2 are even larger than those for the composite pipes, although the drop height for 
the two hollow pipes is only 1.0 m, significantly lower than the drop height of 3.4 m for the 




composite pipes. This reflects the advantage of the composite pipe system under the lateral 
impact loading. The pipe-in-pipe composite specimens even experience smaller global 
displacement than that of the corresponding cement composite filled pipe specimens with the 
same outer pipe thickness ( ot ), as presented in Fig. 3.12a and Table 3.5, since the pipe-in-pipe 
specimens dissipate less impact energy by global bending but more impact energy by local 
indentation. Figure 3.12b demonstrates the global displacement history for four hollow pipe 
specimens. The global displacement for HSP-1-1 exhibits an obvious faster increasing than 
that of the other three hollow pipes due to the higher impact velocity (see Table 3.5). With 
more external impact energies, HSP-1-1 sustains a three-time larger global deformation than 
that for HSP-1-2. For the three hollow pipes with the same drop height ( 1H  m), the increase 
in the pipe thickness leads to the much lower global displacement since the increase in the pipe 
thickness enhances the global bending resistance and reduces effectively the global bending 
deformation. Similarly, the global displacement for cement composite filled pipes decreases 
apparently with the increase of the pipe thickness, as illustrated in Fig. 3.12c. The global 
displacement also drops significantly with the increase of the outer pipe thickness for pipe-in-
pipe composite specimens with the same inner pipe thickness ( 5it  mm and 6.3it  mm, 
respectively), as shown in Figs. 3.12d-3.12e. Figure 3.12f demonstrates the displacement 
history curves for three pipe-in-pipe composite specimens with the same outer pipe thickness 
( 6.3ot  mm). The increase in the inner pipe thickness (from 5.0 mm to 6.3 mm) leads to a 
noticeably smaller decrease in the global displacement, compared to the variations in the 
global displacement caused by the different outer pipe thickness (see Figs. 3.12d and 3.12e). 
The difference in the maximum global displacement between CCFPIP-5-1 and CCFPIP-7-1 
remains within 2%, despite that the cement layer thickness ( ct ) in CCFPIP-5-1 is 75% larger 
than that in CCFPIP-7-1. This indicates the negligible effect of the ULCC layer thickness on 
the global bending deformation although a thick layer of ULCC does improve the 
constructability at the sacrifice of an increasing weight. 




    (a) HSP-1-1, CCFP-1-1 and CCFPIP-1-1 
 
(b) HSP-1-1, HSP-1-2, HSP-2-2 and HSP-3-1 
    (c) CCFP-1-1, CCFP-2-1 and CCFP-3-1 
 
 
(d) CCFPIP-1-1, CCFPIP-2-1 and      
CCFPIP-3-1 
   (e) CCFPIP-4, CCFPIP-5-1 and CCFPIP-6 
 
 
(f) CCFPIP-2-1, CCFPIP-5-1 and      
CCFPIP-7-1 
Fig. 3.12 Comparison of the global displacement time history curves.  
 
3.3.4 Local Indentation 
When the drop weight impacts the pipe specimen, extremely high strains develop around the 
impact zone (see Section 3.3.5), causing local indentation on the specimen. This study defines 
the local indentation   after the impact as, 
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where tw  refers to the top surface deformation (or the total deflection) of the pipe and gw  
denotes the bottom surface deformation (or the global deformation) of the pipe. Equation (3.2) 
defines the change in the outer diameter of the pipe specimen measured along the direction of 
the impact. The length of the indentation zone, defined as the position where the indentation 
exceeds 1% of the pipe diameter ( / 0.02oR  ), reflects the extent of the local deformation.  
      (a) HSP-1-1, CCFP-1-1 and CCFPIP-1-1      (b) HSP-1-1, HSP-1-2, HSP-2-2 and      
HSP-3-1 
     (c) CCFP-1-1, CCFP-2-1 and CCFP-3-1 
 
(d) CCFPIP-1-1, CCFPIP-2-1 and      
CCFPIP-3-1 
    (e) CCFPIP-4, CCFPIP-5-1 and CCFPIP-6 
 
(f) CCFPIP-2-1, CCFPIP-5-1 and     
CCFPIP-7-1 
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Figure 3.13 shows the local indentation profiles for typical specimens. The coordinate y in Fig. 
3.13 defines the longitudinal axis of the pipe with its origin at the mid-span of the pipe (see Fig. 
3.6a). Compared to the two composite specimens (CCFP-1-1 and CCFPIP-1-1), a deep 
indentation profile develops, with an extensive indentation zone over 800 mm, on the hollow 
pipe specimen HSP-1-1, as presented in Fig. 3.13a. The cement composite enhances 
significantly the local resistance of the structure and absorbs some portion of the impact 
energy by cracking and crushing. Figure 3.13b illustrates the indentation profiles for four 
hollow pipe specimens after the impact. For the other hollow pipe HSP-1-2, the local 
indentation, although alleviated significantly compared to HSP-1-1 due to the low impact 
energy, still exceeds that of the composite specimen CCFPIP-1-1. For the three hollow pipes 
with the similar impact energy (HSP-1-2, HSP-2-2 and HSP-3-1), the increase in the pipe 
thickness decreases apparently the depth of the indentation and the length of the indentation 
zone, indicating that the hollow pipe specimens rely predominantly on the wall thickness to 
prevent very large local indentations. Previous investigations on the load-indentation 
relationships for hollow pipes under static loading (Wierzbicki and Suh, 1988) confirm that the 
amount of local indentation remains inversely proportional to the wall thickness. The depth of 
the local indentation for cement composite filled pipes decreases with the increase of the pipe 
thickness, as shown in Fig. 3.13c. The cement composite filled pipes demonstrate excellent 
local resistance with shallow indentation ( / 0.1oR  ) and localized indentation zone (within 
200 mm). Figures 3.13d and 3.13e depict the local indentation profiles for the pipe-in-pipe 
composite specimens with the same inner pipe thickness ( 5it  mm and 6.3it  mm, 
respectively). The local indentation profiles for most pipe-in-pipe composite specimens (from 
CCFPIP-1 to CCFPIP-6 with the ULCC annulus thickness around 30 mm) remain similar with 
the maximum local indentation about 22 mm ( / 0.2oR  ) and a localized indentation zone 
within 400 mm. For specimens with the same inner pipe wall thickness and the ULCC layer 
thickness, the specimen with the thickest outer pipe experiences the lowest indentation, as 
reflected in Figs. 3.13d and 3.13e. Figure 3.13f compares the indentation profiles for two pipe-




in-pipe composite specimens (CCFPIP-2-1 and CCFPIP-5-1) with the same outer pipe 
thickness ( 6.3ot  mm) and the same ULCC layer thickness ( 33.4ct  mm). The comparison 
implies that the increase in the inner pipe thickness has a slight influence on the local 
indentation. Figure 3.13f also presents the obvious difference of the indentation profiles 
between CCFPIP-5-1 and CCFPIP-7-1, the two composite specimens with the same outer and 
inner pipe thickness ( 6.3ot  mm and 6.3it  mm) but different cement composite layer 
thicknesses. Compared to CCFPIP-7-1 ( 19.1ct  mm), the maximum local indentation for 
CCFPIP-5-1 ( 33.4ct  mm) decreases by 52.8% since the thick cement composite layer 
enhances the local strength and restricts the local deformation of the steel pipes. 
3.3.5 Strains 
There are four pairs of strain gauges attached on the specimen to monitor the structural 
deformation during the impact, as shown in Fig. 3.6a. The measured strain values at locations 
symmetric to the center of the pipe specimen ( 0x y z    in Fig. 3.6a) remain approximately 
equal. This thesis therefore reports the average of the measured strains at locations symmetric 
to the center of the pipe at the mid-span. Figure 3.14 demonstrates the average strain values for 
each pair of strain gauges for four representative specimens with the same outer pipe thickness 
( 10.0ot  mm), i.e., HSP-1-1, HSP-1-2, CCFP-1-1 and CCFPIP-1-1. Figure 3.14a compares 
the average strain history measured by gauges at the positions S1-1 and S1-2 for the four 
specimens. The positive value reflects that the steel material at the bottom surface of the pipe 
is in tension due to the global bending action under the lateral impact load. The four specimens, 
although belonging to three different types of pipe structures, demonstrate similar strain levels 
(around 0.0014) at the positions S1-1 and S1-2 in the stable phase, indicating that the structural 
type and the presence of the ULCC layer has little effect in reducing the strains at locations S1-
1 and S1-2 during the stable phase. After the impact, both HSP-1-1 and HSP-1-2 retains a 
considerable level of residual strains at positions S1-1 and S1-2 to compensate the 
redistribution of large irrecoverable plastic deformations at the mid-span (see Fig. 3.14a). The 
higher the external impact energy, the larger is the residual strains at positions S1-1 and S1-2 




for the two hollow pipes. The composite specimens CCFP-1-1 and CCFPIP-1-1, however, 
demonstrate lower residual strains at the quarter-span position S1-1 and S1-2 due to the 
significantly reduced plastic deformations at the mid-span.  
     (a) Average of S1-1 and S1-2 strain history     (b) Average of S2-1 and S2-2 strain history 
     (c) Average of S3-1 and S3-2 strain history     (d) Average of S4-1 and S4-2 strain history 
Fig. 3.14 Comparison of the strain values for HSP-1-1, HSP-1-2, CCFP-1-1 and CCFPIP-1-1.  
 
Figure 3.14b plots the average strain history recorded by gauges at the positions S2-1 and S2-2, 
the top surface at the quarter-span of the specimen. For the hollow pipe HSP-1-1, the strains at 
S2-1 and S2-2 fluctuate initially during the vibration phase and stabilize to a positive value 
(tension) in the stable phase. At the end of the impact, a large residual tensile strain develops at 
the top of the quarter-span of the hollow pipe. The tensile strain at the top of pipe surface S2-1 
and S2-2 derives mainly from the membrane action in the wall of pipe, caused by the severe 
local indentation, which extends towards the quarter-span for HSP-1-1 as indicated in Fig. 
3.13a. For the other three specimens (HSP-1-2, CCFP-1-1 and CCFPIP-1-1), the strains at the 
positions S2-1 and S2-2 remain initially negative (in compression) under the impact loading. 
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surface of the outer pipe and generates a tensile strain in the later stage of the impact process. 
Due to the reduced indentation caused by the low impact energy in HSP-1-2 and by the high 
indentation resistance in CCFP-1-1 and CCFPIP-1-1 (see Fig. 3.13), the magnitude of the 
tensile strain for the three specimens becomes much smaller compared to the tensile strains in 
the hollow pipe HSP-1-1. In general, the magnitude of the tensile strain towards the end of the 
impact depends on the severity of the local indentation, as indicated by the comparison 
between Fig. 3.13 and Fig. 3.14b. The lower impact energy for HSP-1-2 leads to the lower 
magnitude of the compressive strains at S2-1 and S2-2 during the stable phase compared to the 
composite speicmens CCFP-1-1 and CCFPIP-1-1. Figure 3.14c illustrates that large plastic 
tensile strains develop in three pipe specimens all with a hollow cross section, including the 
two hollow pipes (HSP-1-1 and HSP-1-2) as well as the sandwich composite pipe (CCFPIP-1-
1), near the impact zone (see Fig. 3.6a) due to the severe stretching from the local indentation. 
The residual plastic strains for the two hollow pipes (HSP-1-1 and HSP-1-2) at the positions 
S3-1 and S3-2 demonstrate a similar value (about 0.022), which is over 160% of that for 
CCFPIP-1-1 due to the absence of the cement composite and the inner pipe. The constant 
strain values indicate that the strain gauges become damaged or detached due to the large 
deformation of the steel pipe around the impact location. Among the three specimens, the 
strains at S3-1 and S3-2 for HSP-1-1 reach its peak value the fastest, followed by HSP-1-2 and 
CCFPIP-1-1. This implies that the low impact velocity (for HSP-1-2) and the presence of the 
cement composite layer (for CCFPIP-1-1) decelerate the propagation of the local indentation. 
Figure 3.14c also presents that large plastic compressive strains develop at the positions S3-1 
and S3-2 in the cement composite fully filled pipe CCFP-1-1. This implies that the top surface 
near the impact zone of CCFP-1-1 remains in compression since the cement composite fully 
filled pipe (with a solid cross section) experiences mainly global bending deformation but little 
local indentation under the transverse impact. Similarly, CCFP-1-1 shows plastic compressive 
strains at the positions S4-1 and S4-2 (see Fig. 3.6a) since its solid section at the mid-span 
behaves as an integrity and experiences compression under the impact loading, as displayed in 
Fig. 3.14d. Under the impact loading, the cross section in the other three specimens (HSP-1-1, 




HSP-1-2 and CCFPIP-1-1) bulge out apparently at the mid-span, leading to tensile strain at the 
positions S4-1 and S4-2 (see Fig. 3.14d).  For the three specimens, the magnitude of the tensile 
strain at the positions S4-1 and S4-2 reflects the severity of the local indentation experienced 
by the pipe, as indicated by the comparison between Fig. 3.13 and Fig. 3.14d. 
  (a) Average of S1-1 and S1-2 strain history     (b) Average of S2-1 and S2-2 strain history 
     (c) Average of S3-1 and S3-2 strain history     (d) Average of S4-1 and S4-2 strain history 
Fig. 3.15 Comparison of the strain values for CCFPIP-1-1, CCFPIP-2-1, CCFPIP-5-1                       
and CCFPIP-7-1.  
 
Figure 3.15 shows the average strain values for each pair of strain gauges for four typical pipe-
in-pipe composite specimens, i.e., CCFPIP-1-1, CCFPIP-2-1, CCFPIP-5-1 and CCFPIP-7-1. 
Three pipe-in-pipe specimens, CCFPIP-2-1, CCFPIP-5-1 and CCFPIP-7-1, demonstrate a 
quite similar strain response at the positions S1-1 and S1-2 due to the same outer pipe 
thickness ( 6.3ot  mm). The cement composite layer thickness and the inner pipe dimension 
present slight influences on S1-1 and S1-2 strains for pipe-in-pipe composite specimens. The 
increase in the outer pipe thickness enhances the global bending resistance and reduces 
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CCFPIP-1-1 compared to the other three specimens (see Fig. 3.15a). After the impact, the four 
pipe-in-pipe composite specimens demonstrate small residual strains at the quarter-span 
position S1-1 and S1-2 since the presence of the cement composite reduces significantly the 
plastic indentation at the mid-span. Figure 3.15b displays the average strain history recorded 
by gauges at the positions S2-1 and S2-2 for the four pipe-in-pipe specimens. The S2-1 and 
S2-2 strains remain initially negative (in compression) in the four composite specimens under 
the impact loading. The development of the local indentation at the mid-span creates a 
membrane action on the top surface of the outer pipe and generates a tensile strain in the later 
stage of the impact process. For the three specimens with the same outer pipe thickness 
6.3ot  mm (CCFPIP-2-1, CCFPIP-5-1 and CCFPIP-7-1), the magnitude of the tensile strain 
towards the end of the impact depends on the severity of the local indentation, as indicated by 
the comparison between Fig. 3.13 and Fig. 3.15b. The composite specimen CCFPIP-1-1 
exhibits higher tensile residual strains at S2-1 and S2-2 than that for CCFPIP-2-1 and CCFPIP-
5-1 although they demonstrate a similar severity of the local indentation (see Fig. 3.13). 
Compared to CCFPIP-2-1 and CCFPIP-5-1, the lower global bending deformation in CCFPIP-
1-1 leads to the lower compressive strains at S2-1 and S2-2 during the stable phase and also 
the lower compressive strains to compensate the tensile strains caused by the local indentation 
towards the end of the impact. Figure 3.15c illustrates that large plastic tensile strains develop 
in all four pipe-in-pipe composite specimens near the impact zone (see Fig. 3.6a), with a quite 
similar residual strain magnitude around 0.0135. The constant strain values indicate that the 
strain gauges become damaged or detached due to the large deformation of the steel pipe 
around the impact location.  Among the four specimens, the strains at S3-1 and S3-2 for 
CCFPIP-7-1 reach its peak value the fastest, followed by CCFPIP-1-1, CCFPIP-2-1 and 
CCFPIP-5-1. This indicates that the cement composite thickness decelerates the propagation of 
the local indentation. Under the impact loading, the cross section in all four specimens bulge 
out at the mid-span, leading to tensile strain at the positions S4-1 and S4-2 (see Fig. 3.15d). 
For the three specimens with the same outer pipe thickness 6.3ot  mm (CCFPIP-2-1, 




CCFPIP-5-1 and CCFPIP-7-1), the magnitude of the tensile strain at the positions S4-1 and S4-
2 reflects the severity of the local indentation experienced by the specimen, as indicated by the 
comparison between Fig. 3.13 and Fig. 3.15d. Among the four specimens, CCFPIP-1-1 shows 
the lowest strains at the positions of S4-1 and S4-2 due to the strongest outer pipe.   
 
In summary, the measured strain history at different locations of the specimen reflects directly 
or indirectly the amount of local indentation experienced by the specimen. The application of 
the the ULCC demonstrates significant effects on the measured strain history curves for the 
ULCC-filled pipe and the ULCC-filled pipe-in-pipe composite specimens since the ULCC 
restricts effectively the development of the local indentation. 
3.3.6 Post-peak Mean Force  
As discussed in Section 3.3.2, the impact force in the stable phase remains relatively constant 
and therefore provides a good reference to the real structural resistance under the lateral impact. 














where ow  denotes the global displacement when the impact force reaches its maximum value 
maxP  and P  refers to the impact force. The force mP  represents an equivalent force that 
produces the same amount of post-peak work as the dynamic impact force.  
 
Figure 3.16 demonstrates that the post-peak mean force mP  provides a reasonable estimation 
of the impact force in the stable phase. Table 3.5 presents the post-peak mean force ( mP ) for 
all specimens except HSP-2-1 whose global displacement data is uncapatured during the 
impact. For specimens with the same outer pipe thickness ( ),ot  the cement composite filled 
pipe specimens demonstrate the highest mP  then followed by the pipe-in-pipe composite 




specimens and the hollow pipe specimens. The post-peak mean force increases with the 
increase in the outer pipe thickness, the inner pipe thickness as well as the cement composite 
thickness. 
 
    (a) HSP-1-1, CCFP-1-1 and CCFPIP-1-1 (b) HSP-1-1, HSP-1-2, HSP-2-2 and      
HSP-3-1 
     (c) CCFP-1-1, CCFP-2-1 and CCFP-3-1 
 
(d) CCFPIP-1-1, CCFPIP-2-1 and     
CCFPIP-3-1 
    (e) CCFPIP-4, CCFPIP-5-1 and CCFPIP-6 
 
(f) CCFPIP-2-1, CCFPIP-5-1 and     
CCFPIP-7-1 















































































3.3.7 Global Bending Deformation Energy  
In calculating the energies for the impact test, the current study neglects the energy dissipated 
in the following mechanisms: 1) the rebound of the drop weight (which is observed to be small 
by the high speed camera); 2) the free vibration of the pipe specimen (which is also confirmed 
to be insignificant during the test); 3) the energy losses due to heat and noise. Thus, the total 
external impact energy iE , also known as the kinematic energy of the drop weight 
( 2 / 2i d oE m V ) dissipates through two forms in the specimen, which includes the energy 
absorbed by the global bending deformation gE  and the energy consumed by the local 
indentation E . The global bending energy gE  equals the area under the impact force-global 
displacement curve plotted in Fig. 3.16. Table 3.5 summarizes the calculated gE  and the 
corresponding ratio to the total impact energy iE  for all specimens except HSP-2-1. For most 
pipe-in-pipe composite specimens, from CCFPIP-1-1 to CCFPIP-6, the energy dissipation 
ratio ( /g iE E ) is about 0.69. For the four pipe-in-pipe specimens (from CCFPIP-7-1 to 
CCFPIP-7-4) with a thin cement composite layer ( 19.1ct  mm) as well as HSP-1-1, the 
energy dissipation ratio ( /g iE E ) is around 0.62. The thick cement composite layer restricts 
effectively the development of the local indentation, and therefore facilitates a global bending 
deformation of the pipe specimen. Hence, most pipe-in-pipe composite specimens, with ULCC 
layer thickness around 30 mm, dissipate more impact energies through the global bending 
deformation than do the pipe-in-pipe specimens (from CCFPIP-7-1 to CCFPIP-7-4) with a thin 
ULCC layer. For the four hollow pipe specimens with a low drop height of 1.0 m, the 
dissipation ratio of the global bending deformation ( /g iE E ) is only about 0.47, indicating that 
the local indentation consumes more impact energy compared to the global deformation. A 
high impact velocity creates a large momentum on the pipe specimen, and leads subsequently 
to a significant global deformation of the pipe, as indicated by the maxw  values in Table 3.5 for 
HSP-1-1 and HSP-1-2. In contrast, the different initial impact velocities do not cause an 
equally significant difference in the local indentation, as evidenced by the max  values for 




HSP-1-1 and HSP-1-2 in Table 3.5. Consequently, the energy absorbed by the global bending 
deformation becomes more significant for a high impact velocity. The average dissipation ratio 
of the global bending deformation ( /g iE E ) for most cement composite filled pipe specimens 
exceeds 0.9, implying that the cement composite filled pipes dissipate most of the external 
impact energy through the global bending deformation. This agrees with the previous 
discussion on the global displacement (Section 3.3.3) and the local indentation (Section 3.3.4). 
The solid cross section for the cement composite pipes behaves and deforms as an integrated 
entity to transmit the lateral impact load directly downwards. The lateral load, however, passes 
through the pipe walls at the two sides in the hollow cross section, including both the hollow 
steel pipes and the pipe-in-pipe composite sections, as illustrated in Fig. 3.17.  
 
                  (a) Solid cross section                                      (b) Pipe-in-pipe cross section 
Fig. 3.17 Comparison of the transverse load transmission.  
 
3.3.8 Energy Absorption Capacity  
To evaluate the energy absorption capacity of metal tubes subjected to impact loads, Reid 





W  (3.4) 
where aE  refers to the impact energy absorbed by the metal pipe, W denotes mass per unit 
length of the pipe and a  equals the total pipe deformation after the impact. Some researchers 
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(Reddy and Wall, 1988; Guden and Kavi, 2006) utilized a similar term namely the specific 





  (3.5) 
where pm  denotes the total mass of the structure. 
 
This study proposes a dimensionless parameter named as the energy absorption capacity 






  (3.6) 
where aE  denotes the impact energy absorbed by the pipe specimen and equals approximately 
the total impact energy ( iE ) in this study by ignoring the rebound of the drop weight and other 
energy losses as discussed previously. G  refers to the total weight of the specimen, calculated 
based on the volumes and the densities of the steel and the cement composite. tw  represents 
the total deflection of the pipe specimen after the impact. Travanca and Hao (2014) have 
recently verified numerically that the absorbed energy ( aE ) increases nearly linearly with the 
increase of the maximum displacement of the pipe on the compressive side, i.e., tw , regardless 
of the deformation modes, boundary conditions as well as the interaction between the pipe and 
the impact body. Therefore, the EAC [defined in Eq. (3.6)] reflects reasonably the intrinsic 
energy absorption capacity for the tubular structures in this study. Table 3.5 presents the 
energy absorption capacity ( EAC ) for all specimens. Both types of composite pipe specimens 
demonstrate higher energy absorption capacity ( EAC ) than that of the hollow pipe specimens, 
implying the good impact performance of the composite pipe system. The difference in EAC  
between the two kinds of composite pipe specimens becomes small with the decrease in the 
outer pipe thickness. Some pipe-in-pipe specimens, like CCFPIP-3-1 and CCFPIP-6, even 
exhibit a slightly higher EAC than that of the corresponding cement composite filled pipe 




specimens (CCFP-3-1 and CCFP-3-2) with the same outer pipe thickness, i.e., 5.0ot  mm. 
This demonstrates that the advantage of the pipe-in-pipe composite structures in absorbing the 
external impact energy. In general, the increase in the outer pipe thickness enhances 
significantly the energy absorption capacity ( EAC ) for all the three types of pipe specimens. 
For pipe-in-pipe composite specimen, the increase in the inner pipe and the cement composite 
layer thickness also provide some contribution to the enhancement of .EAC     
3.3.9 Effects of PVA Fibers 
This study utilizes a novel kind of ultra lightweight cement composite (ULCC) as the filler 
material for the two kinds of composite pipe specimens. The presence of steel or PVA fibers in 
lightweight composites improves the material flexural strength, impact performance and 
ductility. The material test in the current study has proved the superior ductility of the ULCC 
cubes with 0.5% (in volume) PVA fibers under the axial compression, as shown in Fig. 3.4. 
Therefore, most pipe-in-pipe composite specimens employ the ULCC containing 0.5% PVA 
fibers as the filler material, as listed in Table 3.3. For comparison reasons, four pipe-in-pipe 
specimens, i.e., CCFPIP-5-3, CCFPIP-5-4, CCFPIP-7-3 and CCFPIP-7-4 adopt ULCC without 
PVA fibers to explore the effects of PVA fibers in the pipe-in-pipe composite members under 
the transverse impact.  
 
Figure 3.18 compares the impact response, including the impact force history, the global 
displacement history and the local indentation profile, for two pairs of pipe-in-pipe composite 
specimens, i.e., CCFPIP-5-1 and CCFPIP-5-3 as well as CCFPIP-7-1 and CCFPIP-7-3 
respectively. The pipe-in-pipe composite specimens (CCFPIP-5-3 and CCFPIP-7-3), filled by 
the ULCC without PVA fiber, demonstrate slightly lower impact forces and marginally larger 
deformations compared to the corresponding specimens (CCFPIP-5-1 and CCFPIP-7-1) with 
the same geometric dimensions but containing 0.5% PVA fibers in the cement composite. This 
indicates that the strong confinement provided by the two steel pipes to the ULCC alleviates 




effectively the disadvantages of the unconfined plain lightweight cement composite, such as 
the high brittleness and the low impact performance. 
 
(a) Impact force history for CCFPIP-5-1 and 
CCFPIP-5-3 
 
(b) Impact force history for CCFPIP-7-1 and 
CCFPIP-7-3 
(c)  Global displacement history for       
CCFPIP-5-1 and CCFPIP-5-3 
 
(d)  Global displacement history for     
CCFPIP-7-1 and CCFPIP-7-3 
(e)  Local indentation profiles for CCFPIP-5-1 
and CCFPIP-5-3 
(f)  Local indentation profiles for CCFPIP-7-1 
and CCFPIP-7-3 
Fig. 3.18 Comparison of the PVA fiber effect on the impact response for                                    



































































3.3.10 Comparison of the Impact Performance  
In this impact test program, the hollow pipe specimen HSP-1-1, the ULCC-filled pipe 
specimen CCFP-1-2 and the ULCC-filled pipe-in-pipe specimen CCFPIP-2-1 contain the close 
steel quantity, i.e., 103.1 kg for HSP-1-1and CCFP-1-2 and 99.3 kg for CCFPIP-2-1. 
Meanwhile, these three pipe specimens have the similar impact velocity (see Table 3.5) with a 
small deviation within 2%. Therefore, the comparison of the impact performance among these 
three specimens demonstrates further the advantages of the composite pipes, especially in 
engineering applications. 
 
Compared to HSP-1-1, the maximum impact force ( maxP ) and the post-peak mean force ( mP ) 
for CCFP-1-2 increase significantly by 147.7% and 97.0% respectively; the maximum global 
displacement ( maxw ) and the maximum local indentation ( max ) for CCFP-1-2 decrease by 34.9% 
and 92.7% respectively. The specimen CCFP-1-2 presents an apparently higher (44.7%) 
energy absoption capacity ( EAC ) than that for HSP-1-1. 
 
For the pipe-in-pipe specimen CCFPIP-2-1, the maximum impact force ( maxP ) and the post-
peak mean force ( mP ) are 16.6% and 20.5% higher than that for the hollow pipe HSP-1-1. 
Compared to HSP-1-1, the maximum global displacement ( maxw ) and the maximum local 
indentation ( max ) for CCFPIP-2-1 decrease by 10.1% and 68.2% respectively. In addition, the 
energy absoption capacity ( EAC ) for CCFPIP-2-1 increases by 6.3% compared to HSP-1-1.       
3.3.11 Multiple Impacts  
This section examines the behavior of three typical cement composite filled pipe specimens 
and seven pipe-in-pipe composite specimens under two or three times of impact respectively. 
The drop height is consistent in every time of impact, i.e., 3.4 m. The test set-up and the test 
procedure are the same as described in Section 3.2.3, except that the potentiometers below the 
specimens are removed to prevent the equipment from being damaged due to the large global 
deformation caused by multiple impacts. Therefore, the global displacement time history and 




the post-peak mean force ( ),mP calculated from the impact force versus the global displacement 
curves (see Section 3.3.6), are not available for the second and the third impact. 


















1 7.83 41.4 1038.3 48.8 43.0 5.8 445.2 
2 7.69 39.9 862.1 108.8 100.1 8.7 349.3 
CCFP-2-1 
1 7.59 38.9 831.5 67.3 60.0 7.3 358.0 
2 7.57 38.7 676.0 151.6 140.3 11.3 254.1 
CCFP-3-1 
1 7.19 34.9 680.4 82.1 73.0 9.1 283.7 
2 7.32 36.2 585.4 212.8 196.6 16.2 185.6 
CCFPIP-1-1 
1 7.56 38.6 607.5 56.0 35.0 21.0 385.3 
2 7.67 39.7 600.4 122.3 84.9 37.4 337.5 
3 7.65 39.5 574.6 188.1 135.0 53.1 335.8 
CCFPIP-2-1 
1 7.56 38.6 517.8 86.5 63.0 23.5 299.0 
2 7.57 38.7 461.7 178.4 135.1 43.3 282.2 
3 7.75 40.5 435.1 275.7 223.8 51.9 279.4 
CCFPIP-3-1 
1 7.61 39.1 501.2 95.9 72.0 23.9 294.3 
2 7.41 37.1 432.7 211.8 162.8 49.0 231.0 
3 7.28 35.8 354.4 327.3 268.0 59.3 223.7 
CCFPIP-4 
1 6.99 33.0 644.9 52.3 34.0 18.3 337.5 
2 7.06 33.6 617.5 112.4 75.9 36.5 299.6 
3 7.25 35.5 483.8 180.4 134.9 45.5 279.3 
CCFPIP-5-1 
1 7.65 39.5 543.2 73.0 52.0 21.0 344.1 
2 7.74 40.4 448.5 157.8 115.4 42.4 303.3 
3 7.56 39.6 438.0 239.7 187.9 51.8 299.6 
CCFPIP-6 
1 7.56 38.6 524.6 89.5 67.0 22.5 294.0 
2 7.32 36.2 412.5 186.5 141.5 45.0 254.3 
3 7.38 36.8 406.5 288.2 233.0 55.2 246.6 
CCFPIP-7-1 
1 7.72 40.2 540.4 88.9 49.0 39.8 309.3 
2 7.80 41.1 481.1 192.9 135.2 57.7 269.9 
3 7.67 39.7 453.5 305.6 235.0 70.6 264.3 
 
Table 3.6 presents the test data, including the impact velocity ( oV ), the corresponding impact 
energy ( iE ) and the maximum impact force ( maxP ), for the ten typical specimens under every 
time of impact. The table also lists the total deflection at the impact location ( tw ), the residual 
bottom surface deformation ( gw ) and the local indentation ( ) at the mid-span, measured after 
every time of impact. The energy absorption capacity ( )EAC  for every time of impact follows 




the definition in Eq. (3.6), in which tw  equals the total deflection difference between two 
sequential impacts. The increase in the impact times leads to the decrease of the impact force 
and the growth of both the global and the local deformation for each specimen. Generally, the 
test results for the specimens under multiple impacts comply with the trends for the specimens 
under the first impact (see Table 3.5). Within the same number of impact, the cement 
composite filled pipe specimens exhibit larger impact force and global deformation but smaller 
local indentation than that of the pipe-in-pipe specimens. The increase in the outer pipe 
thickness, the inner pipe thickness and the cement composite layer thickness enhances the 
impact force while reducing the global and the local deformation for the specimens. 
 
Figures 3.19 and 3.20 show the side view and the top view for CCFP-2-1 and CCFPIP-2-1, 
respectively, after every time of impact. Both the global deformation and the local indentation 
for CCFP-2-1 and CCFPIP-2-1 intensify gradually with the increase of the impact numbers. 
However, the damages for the two composite specimens after multiple impacts are still less 
severe than that for HSP-2-1, the hollow pipe with the same outer pipe thickness ( 6.3ot  mm) 
as CCFP-2-1 and CCFPIP-2-1, as shown in Fig. 3.9a. This further indicates the superior 
performance of pipe-in-pipe composite structures under the transverse impacts. 
 
 
(a) First impact ( 7.59oV  m/s) 
 
(b) Second impact ( 7.57oV  m/s) 
Fig. 3.19 Damage modes for CCFP-2-1 after multiple impacts. 
 





(a) First impact ( 7.56oV  m/s) 
 
(b) Second impact ( 7.57oV  m/s) 
 
(c) Third impact ( 7.75oV  m/s) 
Fig. 3.20 Damage modes for CCFPIP-2-1 after multiple impacts. 
 
Figure 3.21 illustrates the impact force history curves for four typical specimens under 
multiple impacts. For each specimen, the impact force history for every time of impact 
demonstrates a similar shape, consisting of the vibration phase, the stable phase and the 
unloading phase, as shown in Fig. 3.21. For the cement composite filled pipe CCFP-1-1, the 
force history for the second impact decreases significantly in the stable phase compared to the 
first impact (see Fig. 3.21a) since the second impact imposes the yielding of the steel pipe and 
the crush failure of the cement composite. Compared to CCFP-1-1, the decrease in the impact 
force between the first and the second impact is less significant for the pipe-in-pipe specimen 
CCFPIP-1-1 (see Fig. 3.21b), indicating the less damage of the cement composite due to the 
stronger confinement provided by two steel pipes. For the third impact on CCFPIP-1-1, the 
impact force drops obviously during the stable phase, implying the great loss of the composite 
action between the steel and the cement composite and the serious damage of the cement 
composite in-between the steel pipes. Similarly, the impact force for CCFPIP-5-1 demonstrates 
a limited decrease during the stable phase under the second impact while decreases apparently 




under the third impact, as illustrated in Fig. 3.21c. The impact force for CCFPIP-7-1 decreases 
gradually between each time of impact but without significant reduction as CCFPIP-1-1 and 
CCFPIP-5-1, as displayed in Fig. 3.21d. This indicates that the composite action between the 
steel and the cement composite remains at a relative high level even after the multiple impacts 
due to the strong confinement from the two steel pipes to the thin cement composite layer. In 
addition, the thin cement composite layer has limited contributions to the strength for CCFPIP-
7-1 even under the first impact, leading to the slight influence of the cement composite failure 
to the impact force in the multiple impacts. 
(a) CCFP-1-1 (b) CCFPIP-1-1 
(c) CCFPIP-5-1 (d) CCFPIP-7-1 
Fig. 3.21 Impact force time history curves for typical specimens under multiple impacts.  
 
Figure 3.22 shows the local indentation profiles for the four typical specimens after each time 
of impact. For each specimen, the local indentation profile after every time of impact 
demonstrates a similar shape. With the increase in the impact number, the depth of the 


















































Table 3.6 summarizes the energy absorption capacity ( )EAC  for the ten representative 
specimens after each time of impact. Compared to cement composite filled pipe specimens, the 
EAC for pipe-in-pipe specimens presents a more slight reduction under the multiple impacts 
due to the stronger composite action between the steel pipes and the cement composite. This 
demonstrates the superior structural performance, with high energy absorption capacity ( )EAC , 
for pipe-in-pipe composite specimens under the multiple impacts. 
(a) CCFP-1-1 (b) CCFPIP-1-1 
(c) CCFPIP-5-1 (d) CCFPIP-7-1 
Fig. 3.22 Local indentation profiles for typical specimens after multiple impacts.  
          
3.4 Summary 
This chapter describes the drop weight impact test program including six hollow pipe 
specimens, six cement composite filled pipe specimens and sixteen cement composite filled 
pipe-in-pipe specimens. The impact process for the three types of pipe specimens consists of 
















































force fluctuates drastically in the vibration phase, reaches an approximately plateau value in 
the stable phase and starts to decay in the unloading phase. The vibration phase corresponds to 
the very initial stage of the impact process, where the indenter is moving at a faster speed than 
the impact point in the pipe. In the stable phase, the indenter and the impact point in the pipe 
move at the same speed. The unloading phase starts when the indenter starts to rebound and 
subsequently separates from the pipe specimen. The cement composite filled pipe-in-pipe 
specimens and the cement composite filled pipe specimens demonstrate significantly superior 
impact performance than do the steel hollow pipes with the higher impact force, the smaller 
global and local deformations as well as the higher energy absorption capacity ( EAC ). The 
outer pipe and its thickness determine directly the impact force and the global bending 
deformation. The cement composite layer contributes significantly to restrict the indentation 
within a highly localized region around the impact point and limits effectively the deformation 
of steel pipes. For the pipe-in-pipe specimens, the increase in the inner pipe thickness shows 
slight influence on the indentation response. The presence of the inner pipe does enhance the 
confinement to the cement composite and thus provides strong steel-ULCC-steel  composite 
actions in the pipe-in-pipe specimens. The post-peak mean force ( mP ) and the energy 
absorption capacity ( EAC ), proposed in this study [Eqs. (3.3) and (3.6) respectively], quantify 
the impact performance for the pipe structures. With the close steel quantity and the similar 
impact energy, the pipe-in-pipe specimen CCFPIP-2-1 shows a 20.5% higher post-peak mean 
force ( mP ) and a 6.3% larger energy absorption capacity ( EAC ) compared to the hollow pipe 
specimen HSP-1-1. In addition, the pipe-in-pipe specimen CCFPIP-2-1 demonstrates a 
significantly reduced (about 68.2%) local indentation than that for the hollow pipe specimen 
HSP-1-1.     
 
This chapter also examines the behavior of three cement composite filled pipe specimens and 
seven pipe-in-pipe composite specimens under multiple impacts. Both types of composite 
specimens demonstrate the superior impact performance with high resistance and small 




deformation under the multiple impacts. The pipe-in-pipe composite members exhibit high 
energy absorption capacity ( )EAC  under the multiple impacts.  
















Chapter 3 investigates the transverse impact behavior of cement composite filled pipe-in-pipe 
structures through the drop weight impact test which is costly in time and money. Furthermore, 
experimental studies are usually limited in capturing the inside behavior of the materials 
during the impact (Sohel, 2008), especially for the infilled cement composite (ULCC) in this 
study. Therefore, more and more researchers have adopted the finite element (FE) method to 
analyze the dynamic behavior for pipe structures, such as steel hollow pipes and concrete-filled 
pipes, under the transverse impact (Zeinoddini et al., 2002; Yang et al., 2009; Wang et al., 
2013) and verified their FE models via comparison with the corresponding experimental 
results (Zeinoddini et al., 2008; Yang et al., 2009; Wang et al., 2013). At present, little 
literature is about the finite element analysis on the transverse impact performance of pipe-in-
pipe composite structures.  
 
This study employs the explicit nonlinear finite element code in LS-DYNA to simulate the 
cement composite filled pipe-in-pipe structures under the transverse impact. The chapter 
begins with a brief introduction on the material models for the ultra lightweight cement 




composite (ULCC) and the steel pipe, as well as the contact model used to establish three-
dimensional (3D) FE models for the three types of pipes. The next section validates the FE 
models against the experimental results reported in Chapter 3. The subsequent section 
conducts an FE parametric study to investigate the influence of various impact velocities, 
different geometric and material properties on the transverse impact performance of the 
ULCC-filled pipe-in-pipe composite structures. The last section summarizes the conclusions 
drawn from the FE study.    
4.2 Finite Element Modeling     
4.2.1 Material Models  
This study utilizes a novel kind of filler material namely the ultra lightweight cement 
composite (ULCC), with a low density around 1460 kg/m3 and a considerably high 
compressive strength over 60 MPa, for the two types of composite pipe specimens. The FE 
models apply the concrete damage model (type MAT_72R3 in LS-DYNA), developed by 
Malvar et al. (1997), to simulate the behavior of ULCC under the impact loading. Some 
researchers (Lee, 2006; Sohel, 2008) have recently adopted this model for lightweight 
composite materials under the dynamic loadings and obtained reasonable simulation results.   
 
The concrete damage model employs three independent surfaces to define the elastic-plastic 
response of the ULCC, as shown in Fig. 4.1. The material response increases linear-elastically 
to the initial yield surface, point 1. After that, a hardening plasticity response occurs and 
reaches the maximum failure surface, point 2, with an increasing load. Then, softening of the 
ULCC happens and leads to a residual strength, defined by the residual failure surface, point 3. 
The governing equations for the three independent surfaces follow (Malvar et al. 1997), 
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    (4.3) 
where y , m  and r  denote the deviatoric stresses for the initial yield surface, the 
maximum failure surface and the residual failure surface respectively. p  refers to the mean 
pressure. Coefficients 0 ya , 1ya , 2 ya , 0a , 1a , 2a , 1 fa  and 2 fa  represent the user defined 
parameters, based on the material test results for the ULCC, as presented in Section 3.2.2. 
Since the ULCC is a novel kind of lightweight cement composite with limited tri-axial and 
hydrostatic tests on it, this study also refers to the test data from the normal weight concrete 
(Chen, 1994; Malver et al., 1997; Ottosen and Ristinamaa, 2005) and a automatic generation 
option in LS-DYNA to define the above parameters. The automatic generation option needs to 
input the compressive strength ( cf ), the density ( c ) and the elastic modulus ( cE ) of the 
material to generate coefficients in Eqs. (4.1) to (4.3).   
 
Fig. 4.1 Material failure surfaces for MAT_72R3 in LS-DYNA. 
 
The FE simulation determines the current material state from the three independent surfaces by 
a linear interpolation (Malvar et al. 1997), 
( )f m y y            (4.4) 
















where f  defines the deviatoric stresses for the failure surface. Scale factor   varies from 0 
to 1, depending on the damage parameter  , i.e.,   starts with 0 when 0  , increases to 1 at 
some value of m  , and decreases back to 0 at a larger value of  . Hence, if the current 
material state is in between the initial yield surface and the maximum failure surface, i.e.,
m  , the FE model captures the current material response by Eq. (4.4). Similarly, if the 
current material state is in between the maximum failure surface and the residual failure 
surface, i.e., m  , the FE model defines the current material response by Eq. (4.5). The 
value of each ( , )   pair determines the current material state for different plastic strain values. 
The damage parameter   (also called the accumulated effective plastic strain parameter) 
follows (Malvar et al. 1997), 
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where (2 /3)p p pij ijd d d    defines the effective plastic strain increment, in which pij
represents the plastic strain tensor (strain after yielding). fr  denotes the strain rate 
enhancement factor. tf  refers to the uniaxial tensile strength of the cement composite. dk  is 
the internal scalar multiplier. v  and yieldv  denote the volumetric strain and the volumetric 
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 (4.8) 
where 2 2 22 1 2 3( ) / 2J s s s    refers to the second invariant of the deviatoric stress tensor, in 
which is  represents the deviatoric stress tensor. The damage scaling exponent 1b  governs the 
softening of the unconfined uniaxial compressive stress-strain curve for the cement composite 
and matches the compressive behavior for the material at various lateral confinement levels. 




The damage scaling exponent 2b  controls the hardening and softening of the unconfined 
uniaxial tensile stress-strain curve for the cement composite. This FE simulation applies an 
approach, developed by Malvar et al. (1997), to determine the damage scaling factors 1b  and 
2b  by curve fitting of the stress-strain curve for a single element under the unconfined uniaxial 
compression or tension in LS-DYNA. This approach has become widely recognized by other 
researchers (Lee, 2006; Sohel, 2008; Wang, 2011).  The damage scaling factor for tri-axial 
tensile path 3b  equals 1.15 as suggested by Malvar et al. (1997). 
 
In the cement composite material model (MAT_72R3), Equation of State 8 (EOS8-Tabulated 
Compaction) controls the volumetric response, relating the pressure ( )p  and the volumetric 
strain ( )v  in the compressive loading phase as (Hallquist, 2006), 
( )v vp C   (4.9) 
where v  denotes the volumetric strain, defined by the natural logarithm of the relative volume 
0ln( / )V V , in which V  and 0V  refer to the volume and the initial volume of the material 
respectively. vC  defines a series of coefficients, tabulated against 0ln( / )V V  (Hallquist, 2006). 
This FE study determines the values for 0ln( / )V V  and vC  based on a combination of the 
material test results (see Section 3.2.2) and the automatic generated parameters in LS-DYNA. 
For EOS8, the material unloading occurs at a slope corresponding to the bulk modulus at the 
peak (the most compressive) volumetric strain. The material reloading follows the unloading 
path to the point where the unloading begins and continues on the loading path (Hallquist, 
2006). 
  
The material property for the steel pipes follows the 2J  plasticity model (type MAT_24 in LS-
DYNA). Figure 3.1 shows the typical true stress-true strain relationships for steel pipes applied 
in the FE simulation. The FE model employs the plastic kinematic model (type MAT_3 in LS-




DYNA) to simulate the drop weight and the saddle support, both made of hard steel with the 
yield strength of 500 MPa. 
4.2.2 Finite Element Models 
The FE models follow strictly the geometric and the material properties for the three types of 
pipe specimens in the real impact test program, as presented in Chapter 3. The FE procedure 
defines an initial impact velocity, same with the real test data as listed in Table 3.5, for the 
drop weight to activate the impact simulation.  
 
Fig. 4.2 Typical quarter-symmetric FE model for ULCC-filled pipe-in-pipe composite 
specimen and simplified saddle support for the impact test simulation. 
 
Figures 4.2 to 4.4 demonstrate the typical quarter-symmetric FE models for the ULCC-filled 
pipe-in-pipe specimen (Fig. 4.2), the hollow pipe specimen (Fig. 4.3) and the ULCC-filled 
pipe specimen (Fig. 4.4) respectively in the numerical analysis. All nodes on the symmetric 




plane remain constrained in the displacement degrees of freedom perpendicular to that plane. 
Based on a preliminary mesh size study, the FE models choose the current mesh plan with the 
fine mesh near the impact point and the coarse mesh at the pipe end to ensure a high accuracy 
in the numerical results with reasonable computational time. The steel pipes as well as the 
cement composite employ eight-node solid elements with reduced integration and hourglass 
control. The FE model includes the drop weight with a wedge-shaped impact head attached to 
a semi-cylindrical indenter ( 30r   mm) and a width of 300 mm (see Fig. 3.5). Figure 4.2 also 
shows a simplified saddle support model to represent the boundary conditions of the pipe 
specimen in the impact test. The simplified support, merged with the pipe model, rotates about 
a line of nodes (restrained in the vertical direction, 0,zu  as highlighted in Fig. 4.2) at the 
bottom under the impact loading.  
 
Fig. 4.3 Typical quarter-symmetric FE model of hollow pipe specimen for the impact test 
simulation. 





Fig. 4.4 Typical quarter-symmetric FE model of cement composite filled pipe specimen for the 
impact test simulation. 
 
4.2.3 Contact Model 
After the impact test, slippage occurs between the steel pipe and the cement composite layer. 
In the FE simulation, the interface between the steel pipe and the cement composite employ 
automatic surface-to-surface contact with a penalty algorithm. The contact model considers the 
friction between the steel pipe and the cement composite by using the friction coefficients 
recommended by Qian et al. (2014) to simulate the interfacial sliding between the two 
materials. The interface between the indenter and the outer steel pipe also employs the surface-
to-surface contact model. For two deformable surfaces in contact, the master surface refers 
usually to the stiffer body or the surface with a coarser mesh if the two surfaces have 
comparable stiffness (Hallquist, 2006). Hence, the finite element procedure selects the steel 




surfaces (for both the inner and outer pipe) as the master surface as they are in contact with the 
cement material (slave surface) while defines the outer steel pipe surface as the slave surface 
as it is in contact with the indenter (master surface). When LS-DYNA detects a penetration 
from the slave node into the master surface, the numerical procedure introduces a fictitious 
spring to simulate an interfacial force between the slave node and its corresponding node on 
the master surface to push the node out from the master surface. 
4.3 Validation of Finite Element Analysis 
Figure 4.5 presents a detailed comparison between the FE analysis and the experimental results 
for HSP-1-1, CCFP-1-1, CCFPIP-1-1 and CCFPIP-2-1, including: the impact force history 
curves (Figs. 4.5a and 4.5b), the global displacement history curves (Figs. 4.5c and 4.5d), the 
local indentation profiles (Figs. 4.5e and 4.5f), and the strain history curves at the positions S1-
1 and S1-2 (Figs. 4.5g and 4.5h). Figures 4.5a and 4.5b demonstrate a reasonable agreement 
between the experimental force history and the numerical results for the three composite pipe 
specimens, CCFP-1-1, CCFPIP-1-1 and CCFPIP-2-1. After the first peak, the deviation 
between the FE results and the test data increases slightly due mainly to the challenges to 
accurately predict the ultra lightweight cement composite response at and beyond crushing in 
the numerical procedure. For the hollow pipe HSP-1-1, the FE model with the idealized 
boundary conditions does not capture the peak force during the vibration phase since the 
hollow pipe specimen experiences an extremely severe and fast vibration during the impact 
test. The FE model for HSP-1-1, however, estimates closely the impact force data during the 
stable phase, as shown in Fig. 4.5a. The FE simulation predicts accurately the global 
displacement history curves for the three composite pipe specimens, but under-predicts the 
global displacement for HSP-1-1 potentially caused by the deviation of the impact force 
between the FE model and the test results during the vibration phase, as illustrated in Figs. 4.5c 
and 4.5d. The FE model also provides an accurate estimation on the local indentation profiles 
and the average strain history at the positions S1-1 and S1-2 for the four selected pipe 
specimens, as demonstrated in Figs. 4.5e to 4.5h respectively.  




(a) Impact force history for HSP-1-1 and   
CCFP-1-1 
 
(b) Impact force history for CCFPIP-1-1 and 
CCFPIP-2-1 
(c)  Global displacement history for HSP-1-1 
and CCFP-1-1 
(d)  Global displacement history for    
CCFPIP-1-1 and CCFPIP-2-1 
(e)  Local indentation profiles for HSP-1-1    
and CCFP-1-1 
(f)  Local indentation profiles for      
CCFPIP-1-1 and CCFPIP-2-1 
(g)  Average of S1-1 and S1-2 strain history 
for HSP-1-1 and CCFP-1-1 
 
(h)  Average of S1-1 and S1-2 strain history 
for CCFPIP-1-1 and CCFPIP-2-1 





































































































Table 4.1 Finite element analysis results and the comparison with the test data. 
Specimen 
















HSP-1-1 369.2 0.83 64.6 0.81 72.9 0.99 316.4 0.94 277.5 0.99 
HSP-1-2 288.2 0.83 23.6 0.92 34.7 1.05 265.8 0.96 242.0 0.97 
HSP-2-1 241.6 1.00 265.7 - 152.6 0.96 88.4 - 163.0 1.32 
HSP-2-2 143.8 1.09 49.9 0.89 73.1 1.10 118.6 1.00 181.2 1.05 
HSP-3-1 98.4 1.07 90.8 0.99 104.0 1.01 73.8 1.05 164.4 1.22 
HSP-3-2 88.1 1.04 90.6 1.03 107.3 1.10 68.1 1.06 138.8 1.07 
CCFP-1-1 1046.5 1.01 57.1 1.05 5.8 1.00 650.2 0.92 434.9 0.98 
CCFP-1-2 1016.5 0.92 52.8 1.01 5.4 1.00 637.1 0.97 421.7 1.04 
CCFP-2-1 842.9 1.01 71.8 0.94 7.3 1.00 497.5 0.97 360.2 1.01 
CCFP-2-2 827.9 0.99 67.4 0.92 7.4 1.07 490.1 0.91 355.3 0.99 
CCFP-3-1 670.5 0.99 75.5 0.94 8.7 0.96 426.7 1.04 321.3 1.13 
CCFP-3-2 693.4 0.97 84.0 0.99 9.3 1.00 432.4 1.01 319.6 1.09 
CCFPIP-1-1 618.1 1.02 52.8 1.04 22.8 1.09 572.6 1.05 330.8 0.86 
CCFPIP-1-2 609.1 0.97 50.9 1.07 22.0 0.96 573.0 1.05 337.6 0.96 
CCFPIP-2-1 507.5 0.98 73.3 1.02 24.0 1.02 394.5 0.98 294.2 0.98 
CCFPIP-2-2 508.2 0.94 74.3 1.03 24.2 1.05 395.1 0.98 282.6 0.92 
CCFPIP-3-1 493.4 1.00 82.7 1.04 23.7 0.96 357.7 1.00 270.3 0.98 
CCFPIP-3-2 499.3 1.00 87.5 1.09 25.0 1.05 359.8 1.02 271.8 0.92 
CCFPIP-4 683.8 1.06 43.7 0.98 19.3 1.05 566.2 0.99 293.9 0.87 
CCFPIP-5-1 545.6 1.00 71.2 1.08 22.5 1.07 419.3 0.93 282.7 0.82 
CCFPIP-5-2 561.8 0.95 73.1 1.08 23.0 1.05 435.9 0.92 290.4 0.77 
CCFPIP-5-3 533.9 0.99 72.3 1.08 23.0 1.06 414.3 0.94 280.5 0.86 
CCFPIP-5-4 533.9 0.99 72.3 1.09 23.0 1.05 414.3 0.94 280.5 0.83 
CCFPIP-6 536.6 1.02 82.7 1.07 23.0 1.05 375.8 0.94 270.2 0.92 
CCFPIP-7-1 485.7 0.90 62.9 0.97 44.6 1.12 413.2 1.03 274.0 0.89 
CCFPIP-7-2 501.1 0.92 63.8 0.97 45.1 1.10 428.8 0.98 283.6 0.92 
CCFPIP-7-3 487.7 0.93 64.0 0.95 45.0 1.05 411.1 1.05 273.5 0.95 
CCFPIP-7-4 485.9 0.94 60.4 0.90 43.7 1.10 412.7 1.05 273.2 0.95 
Mean value  0.98  1.00  1.04  0.99  0.97 
 Standard deviation 0.06  0.07  0.05  0.05  0.12 
 
Table 4.1 summarizes the numerical simulation results in comparison with the experimental 
data for all twenty-eight pipe specimens. In general, the numerical models provide accurate 
estimations on the impact response for most specimens, including the maximum impact force 
( maxP ), the maximum global displacement at the mid-span ( maxw ), the maximum local 
indentation ( max ) as well as the post-peak mean force ( mP ). The FE analysis may not capture 
exactly the maximum impact force ( maxP ) for hollow pipes due to the severe unstable vibration 




under the transverse impact. In addition, the FE simulation under-predicts slightly the peak 
impact force for four pipe-in-pipe composite specimens (CCFPIP-7-1 to CCFPIP-7-4). The 
current concrete material model (MAT_72R3), using the compressive damage facto ( 1b ) to 
describe the confinement behavior for the ULCC, underestimates the strength enhancement 
caused by the confinement effect on the cement composite. The confinement effect becomes 
more significant for CCFPIP-7 specimens than in other pipe-in-pipe composite specimens, due 
to the considerably thinner cement composite layer in CCFPIP-7. For the same reason, the 
numerically calculated maximum local indentation ( max ) exceeds slightly the experimentally 
measured values for most pipe-in-pipe composite specimens, as shown in Table 4.1. The FE 
simulation under-predicts the energy absorption capacity ( EAC ) for pipe-in-pipe composite 
specimens since the experimental study assumes that the tubular structure absorbs all the 
external impact energy (see Section 3.3.8) while the FE simulation considers the energy losses 
(due to the rebound of the drop weight and the free vibration of the pipes) and excludes these 
losses from the calculation [Eq. (3.6)]. The FE method overestimates obviously the energy 
absorption capacity ( )EAC  for specimens with thin-walled steel pipes like HSP-2-1, HSP-3-1 
and CCFP-3-1. For thin-walled hollow pipes, large plastic deformation and severe material 
failure occur after the impact (see Fig. 3.9a), leading to the difficulty of the current FE model 
to capture the energy absorption behavior of the steel material. With the single thin-walled 
steel pipe confined, the cement composite in CCFP-3-1 experiences large deformations and 
significant damages under the impact. In addition, the present material model (type 
MAT_72R3 in LS-DYNA) is mainly for normal weight concrete while the ULCC in this study 
is a novel kind of ultra lightweight cement composite. All these factors increase the difficulty 
of the current FE model to predict accurately on the energy absorption capacity ( )EAC  for 
CCFP-3-1. Further material model investigation is necessary to simulate the energy absorption 
behavior of the steel and the ULCC materials under large deformations.     
 




Figure 4.6 illustrates normalized time history curves for the impact force ( P ), the velocity of 
the indenter tip ( iV ), the velocity of the impact point on the pipe ( tV ), the displacement of the 
indenter tip ( iw ), and the displacement of the impact point on the pipe ( tw ) for CCFPIP-5-1 
model in LS-DYNA, where maxP  refers to the maximum impact force, oV  denotes the initial 
impact velocity and t,maxw  is the maximum displacement of the impact point (the top point at 
the mid-span) on the pipe. When the drop weight impacts on the tubular specimen, the indenter 
starts to decelerate while the pipe begins to move downwards, reflected by the gradual 
decrease in the velocity of the indenter tip and the sharp increase in the velocity of the impact 
point in Fig. 4.6. After the initial vibration phase, the velocity history curves as well as the 
displacement history curves for the indenter and the impact point on the pipe are almost 
coincident, indicating that the indenter and the pipe are in contact with one another and move 
downwards together. The impact process enters into the stable phase. When the velocity of the 
indenter decreases to zero (at time 1t ), the displacement of the pipe reaches the maximum 
value and the unloading between the drop weight and the pipe specimen occurs. After time 1t , 
the drop weight and the pipe rebound upwards and lose contact gradually till the time 2t , at 
which they separate completely and the impact force becomes zero. Finally, the drop weight 
continues to rebound while the pipe specimen vibrates freely, leading to the fluctuation of the 
velocity and the displacement history curves in the FE model, as shown in Fig. 4.6.  
 
 
Fig. 4.6 Normalized time history curves for CCFPIP-5-1 model in the FE simulation.  
 




















(a) HSP-1-1( 7.54oV  m/s; 2 48.6t  ms) 
 
 
(b) CCFP-1-1 ( 7.83oV  m/s; 2 23.8t  ms) 
 
 





(d) CCFPIP-2-1 ( 7.56oV  m/s; 2 35.0t  ms) 
Fig. 4.7 Von-mises stress contours for typical specimens at time 2t .  
 
Figure 4.7 demonstrates the von-mises stress contours for four selected specimens (HSP-1-1, 
CCFP-1-1, CCFPIP-1-1 and CCFPIP-2-1) when the impact force reduces to zero, i.e., at time 
2t . These three specimens experience a similar initial impact velocity (see Fig. 4.7) and are 
fabricated using steel pipes with approximately the same yield strength around 400 MPa. 
Compared to the hollow pipe HSP-1-1, the stress level for both the steel pipe in CCFP-1-1 and 
the outer pipe in CCFPIP-1-1 are much lower due to the presence of the cement composite. 
The cement composite restricts effectively the propagation of the deformation in the steel pipes, 
leading to a localized stress distribution around the impact point, as shown in Figs. 4.7b and 
4.7c. The stress level for CCFPIP-1-1 is even slightly lower than that for CCFP-1-1 due to the 
strong steel-ULCC-steel composite action in the sandwich pipe system. The stress contour for 
CCFPIP-2-1 is quite similar to that for CCFPIP-1-1 (see Figs. 4.7c and 4.7d), implying that the 
increase in the outer pipe thickness has limited effect on the stress distributions. The 




comparison of the von-mises stress distribution contour further demonstrates the superior 
behavior of pipe-in-pipe composite specimens under the transverse impact. The FE method 
also provides an accurate description on the deformation shape for CCFPIP-2-1, as compared 
between Figs. 3.9d and 4.7d. 
 
(a) CCFP-1-1 ( 7.83oV  m/s; 2 23.8t  ms) 
 
 




(c) CCFPIP-2-1 ( 7.56oV  m/s; 2 35.0t  ms) 
Fig. 4.8 Damage contours for the ULCC in typical specimens at time 2t .  
 
Figure 4.8 shows the damage degree, scaled from 0 to 1, of the cement composite for three 
pipe specimens, i.e., CCFP-1-1, CCFPIP-1-1 and CCFPIP-2-1. At the mid-span, the damage 
degree approaches to unity, indicating the crushing damage of the cement composite on the top 
and the cracking failure of the material at the bottom. Compared to CCFPIP-1-1, the cement 
composite in CCFP-1-1 experiences a more severe failure on the top portion at the quarter-
span position (see Fig. 4.8a) due to the higher global bending deformation for cement 
composite filled pipes as discussed in Section 3.3.3. 
4.4 Finite Element Parametric Study 
Compared to the impact test, the finite element analysis has provided reasonable predictions on 
the impact response for the three types of pipe specimens by applying appropriate material 
models, contact algorithm and boundary conditions, etc. This verifies the capability of the FE 
model using LS-DYNA in simulating the behavior of pipe-in-pipe composite structures under 




the transverse impact. This section, therefore, carries out an FE parametric study to investigate 
the influence of the impact velocity, the geometric and the material property on the transverse 
impact performance of pipe-in-pipe composite structures. For simplicity, the FE parametric 
study chooses the pipe-in-pipe specimen CCFPIP-2-1 as the benchmarking and uses “CCFPIP-
2-1” as the designation for sandwich composite pipes with the same geometric dimensions as 
the real pipe-in-pipe composite specimen CCFPIP-2-1 in the following discussion.          
4.4.1 Impact Velocity Effect 
Table 4.2 and Fig. 4.9 present the impact response for CCFPIP-2-1 under various impact 
velocities, in which “V1”, “V2”, “V3” and “V4” denote the FE simulation case with the initial 
impact velocity ( oV ) of 10.0 m/s, 7.5 m/s, 5.0 m/s and 2.5 m/s respectively. The four 
simulation cases employ the same steel and cement composite strength, i.e., 400y  MPa and 
60cf  MPa for comparison purpose.  




















V1 10.0 67.5 400 60 647.3 127.8 36.3 408.6 293.9 
V2 7.5 38.0 400 60 508.2 73.5 23.9 402.7 293.6 
V3 5.0 16.9 400 60 459.3 34.8 17.9 388.9 287.1 
V4 2.5 4.2 400 60 362.6 10.5 8.4 323.8 306.5 
 
Although with different impact velocities, the impact force history curves for the four FE 
simulation cases all consist of three phases, i.e., the vibration phase, the stable phase and the 
unloading phase, as illustrated in Fig. 4.9a. At the very beginning of impact, the composite 
pipe requires a high impact force to accelerate quickly from the zero velocity to a speed 
approaching that of the drop weight. Therefore, the increase in the impact velocity, i.e., the 
initial velocity of the drop weight, leads to the significant raise of the maximum impact force 
( maxP ), as shown in Fig. 4.9a. The increase in the impact velocity (from 5.0 m/s to 10.0 m/s), 
however, demonstrates small influence on the post-peak mean force ( )mP  since mP  provides a 
good reference to the real structural resistance of the pipe-in-pipe composite member under the 




transverse impact. The force mP  for case V4 is smaller (about 20%) than that for the other 
three simulation cases as the impact resistance develops insufficiently under the short impact 
duration ( 2 21.8t  ms) due to the low impact velocity. Figures 4.9b and 4.9c compare the 
global displacement history curves and the local indentation profiles, respectively, for 
CCFPIP-2-1 under the various impact velocities. The increase in the impact velocity implies 
the increment of the impact energy and thus intensifies both the global and the local 
deformation. Figure 4.9d indicates the marginal decrease of the strain values at the positions 
S1-1 and S1-2 with the increase of the impact velocity since the cement composite restrains 
effectively the large deformation of the steel material at the quarter-span position. The 
composite pipe presents quite close energy absorption capacity ( )EAC  for all four simulation 
cases (from V1 to V4), as listed in Table 4.2.  
(a) Impact force history (b) Global displacement history 
(c) Local indentation profile (d) Average of S1-1 and S1-2 strain history 
Fig. 4.9 Comparison of the impact response for CCFPIP-2-1 under various impact velocities.  
 
The FE study also investigates the behavior of the pipe-in-pipe composite specimen under the 





















































conditions, the geometric and the material properties for all parts, as the dynamic model (V2) 
except using the implicit code in LS-DYNA and changing the impact load to a displacement 
controlled (0.001 mm/s) static load. Figure 4.10 compares the impact force versus the global 
displacement ( gP w ) curves for CCFPIP-2-1 under the impact load ( 7.5oV  m/s) and the 
static load. Unlike the dynamic gP w  curve with three phases, the static gP w  curve for 
CCFPIP-2-1 demonstrates a more stable behavior, i.e., the force increases slowly to a plateau 
value, and remains in that plateau value with the increase of the global displacement but 
without obvious decreasing tendency under the current deformation level ( / 0.6g ow R  ). This 
indicates the composite action between the steel and the cement composite postpones the 
cement composite failure, which may cause the decreasing of the gP w  curve. The plateau 
force in the static FE analysis shows a close value to the post-peak mean force ( mP ) in the 
dynamic FE analysis since both of them represent the actual structural strength for CCFPIP-2-
1. Compared to the static plateau force, the slightly lower mP  indicates a more serious cement 
composite damage for CCFPIP-2-1 under the impact loading.  
 
Fig. 4.10 Comparison of the transverse force versus the global displacement curve for 
CCFPIP-2-1 under the impact load ( 7.5oV  m/s) and the static load.  
 
4.4.2 Indenter Shape Effect 
Table 4.3 and Fig. 4.11 present the impact response for CCFPIP-2-1 under the impact from 
indenters with different shapes. In Table 4.3, “r1”, “r2” and “r3” denote the FE simulation case 















respectively and “Flat head” refers to the FE simulation case containing a flat-head indenter 
with a half width (in the y direction see Fig. 4.2) of 30 mm. The indenter length (in the x 
direction see Fig. 4.2) for the four simulation cases is consistent with the real condition in the 
experimental program, i.e., 300 mm. The four simulation cases utilize the same steel and 
cement composite strength, i.e., 400y  MPa and 60cf  MPa, as well as the same initial 
impact velocity ( 7.5oV  m/s) for comparison purpose. 
Table 4.3 Comparison of the impact response for CCFPIP-2-1 under different indenter impact. 
Case 
No. 


















r1 60 7.5 38.0 400 60 538.9 74.0 22.7 405.5 298.2 
r2  30 7.5 38.0 400 60 508.2 73.5 23.9 402.7 293.6 
r3 15 7.5 38.0 400 60 506.3 72.8 24.7 394.7 294.3 
   Flat head 7.5 38.0 400 60 627.9 75.0 19.7 396.5 304.0 
 
During the initial phase of the impact, the contact area between the pipe and the flat-head 
indenter is obviously larger than that between the pipe and the semi-cylindrical indenter, 
leading to the highest maximum impact force ( maxP ) in the fourth simulation case (Flat head), 
as shown in Fig. 4.11a. The maximum impact force ( maxP ) for the other three simulation cases 
(from r1 to r3) are close since the contact area difference for these three cases is slight in the 
initial impact phase. The increase in the radius of the semi-cylindrical indenter, however, 
enhances the contact area to some extent and thus raises slightly the maximum impact force 
( maxP ), as listed in Table 4.3. Table 4.3 and Fig. 4.11a also indicate that the post-peak mean 
force ( mP ) for CCFPIP-2-1 in the four simulation cases are quite close, with a difference less 
than 3%, regardless of the indenter shape since the post-peak mean force ( mP ) reflects the 
actual structural capacity of the composite pipe under the impact. Figure 4.11b illustrates that 
the global displacement response for the composite pipe under the various indenter impact are 
quite similar due to the same external impact energy ( 38.0iE  kJ). The increase in the contact 
area causes little deviation (within 3%) on the maximum global displacement for the 
composite pipe, as presented in Table 4.3. The increase in the contact area during the impact 




expands the indentation resistance field, leading to the increment of the local indentation 
resistance and the decrease of the indentation depth. Hence, the composite pipe under the flat-
head indenter impact experiences the smallest local indentation and then followed by the pipe 
in simulation case r1, r2 and r3, as shown in Table 4.3 and Fig. 4.11c. Figure 4.11d exhibits the 
similar response for strain history at the positions S1-1 and S1-2 in the four simulation cases. 
Under the same external impact energy, the energy absorption capacity ( )EAC  for the 
composite pipe is closely related to the total deflection ( ),tw  based on the definition for EAC
[see Eq. (3.6)]. The total deflection equals approximately the sum of the maximum global 
displacement ( )maxw and the local indentation ( )max in the current FE analysis. The composite 
pipe, therefore, demonstrates a quite consistent energy absorption capacity ( )EAC  around 300 
under the impact from indenters with different shapes (see Table 4.3).   
 
(a) Impact force history 
 
(b) Global displacement history 
(c) Local indentation profile 
 
(d) Average of S1-1 and S1-2 strain history 






















































4.4.3 Inner Pipe Effect 
To investigate the inner steel pipe effect on the impact performance of the pipe-in-pipe 
composite structure, this FE study establishes a new type of pipe model namely the cement 
composite filled hollow pipe in LS-DYNA by removing the inner steel pipe from the original 
pipe-in-pipe composite model (CCFPIP-2-1) and carries out a numerical simulation on the new 
type of pipe model under the transverse impact. Table 4.4 and Fig. 4.12 compare the impact 
performance between the two types of pipe models. In Table 4.4, “CCFPIP-2-1” represents the 
simulation case for the cement composite filled pipe-in-pipe specimen and “CCFHP” refers to 
the simulation case for the cement composite filled hollow pipe. The two simulation cases 
utilize the same steel and cement composite strength, i.e., 400y  MPa and 60cf  MPa, as 
well as the same initial impact velocity ( 7.5oV  m/s) for comparison purpose.  




















CCFPIP-2-1 7.5 38.0 400 60 508.2 73.5 23.9 402.7 293.6 
CCFHP 7.5 38.0 400 60 253.5 97.5 84.2 235.3 196.9 
   
The impact response for the two types of pipe models demonstrates significant difference, as 
illustrated in Fig. 4.12. Compared to CCFHP, the impact force for CCFPIP-2-1 is much higher 
(Fig. 4.12a) while both the global and the local deformation for CCFPIP-2-1 are significantly 
smaller (Figs. 4.12b and 4.12c respectively) due to the presence of the inner steel pipe. In the 
ULCC filled pipe-in-pipe composite structure, the inner pipe, together with the outer pipe, 
confines strongly the infilled cement composite (the ULCC) and the cement composite 
restrains effectively the large deformation of the steel pipes. This steel-ULCC-steel composite 
action enhances significantly the structural performance, i.e., high impact resistance force, 
small global and local deformation, for CCFPIP-2-1 under the transverse impact. The absence 
of the inner steel pipe causes the inferior impact performance for CCFHP, which behaves like 
a hollow steel pipe with low post-peak mean force ( mP ) and energy absorption capacity 
( EAC ), as listed in Table 4.4. Figure 4.12d implies that the strains at S1-1 and S1-2 for 




CCFHP are apparently higher than that for CCFPIP-2-1. This indicates that the cement 
composite in CCFHP fails to provide effective restraint to the outer steel pipe, leading to the 
large deformation of the steel material at the quarter-span position. 
 
(a) Impact force history 
 
(b) Global displacement history 
(c) Local indentation profile 
 
(d) Average of S1-1 and S1-2 strain history 
Fig. 4.12 Comparison of the impact response between CCFPIP-2-1 and CCFHP.  
 
4.4.4 Steel Strength Effect 
Table 4.5 and Fig. 4.13 display the impact response for CCFPIP-2-1 consisting of commonly 
used structural steel pipes, with different yield strength ranging from 250 MPa to 690 MPa. 
The FE analysis utilizes the actual stress-strain curves for different steel grades 
(Brockenbrough and Merritt, 2006). In Table 4.5, “ 1 ”, “ 2 ”, “ 3 ” and “ 4 ” denote the 
FE simulation case with the steel pipe yield strength of 250 MPa, 400 MPa, 550 MPa and 690 
MPa respectively. The four simulation cases employ the same cement composite strength 














































Table 4.5 Comparison of the impact response for pipe-in-pipe composite specimens with 




















1  7.5 38.0 250 60 426.7 118.8 34.3 253.4 176.2 
2   7.5 38.0 400 60 508.2 73.5 23.9 402.7 293.6 
3  7.5 38.0 550 60 611.5 58.6 20.6 521.0 383.9 
4  7.5 38.0 690 60 734.8 48.8 18.9 632.9 484.0 
 
(a) Impact force history (b) Global displacement history 
(c) Local indentation profile (d) Average of S1-1 and S1-2 strain history 
Fig. 4.13 Comparison of the impact response for pipe-in-pipe composite specimens with 
different steel strength.  
 
The increase in the yield strength of the steel pipes enhances both the global and the local 
resistance for the pipe-in-pipe composite structure, leading to the increase of the impact force, 
including the maximum impact force ( maxP ) and the post-peak mean force ( mP ) as shown in 
Fig. 4.13a, as well as the decrease of the global displacement (see Fig. 4.13b) and the local 
indentation (see Fig. 4.13c). Figure 4.13d demonstrates that the average of S1-1 and S1-2 




































σ1 σy=250 MPaσ2 σy=400 MPaσ3 σy=550 MPaσ4 σy=690 MPa




strength reduces significantly the total deflection ( tw ) for the pipe-in-pipe composite structure 
and thus escalates the energy absorption capacity ( ),EAC based on the definition for EAC [see 
Eq. (3.6)], as listed in Table 4.7. 
4.4.5 Cement Composite Strength Effect 
(a) Impact force history 
 
(b) Global displacement history 
(c) Local indentation profile 
 
(d) Average of S1-1 and S1-2 strain history 
Fig. 4.14 Comparison of the impact response for pipe-in-pipe composite specimens with 
different cement composite strength.  
 
Figure. 4.14 and Table 4.6 show the impact response for CCFPIP-2-1 containing the 
lightweight cement composite with the normally seen compressive strength ranging from 30 
MPa to 90 MPa. Based on the different compressive strength, the FE analysis employs 
different coeficients for the ULCC material model (type MAT_72R3 in LS-DYNA) to capture 
the properties of the ULCC with various strength (as discussed in Section 4.2.1).  In Table 4.6, 
“f1”, “f2” and “f3” denote the FE simulation cases with the cement composite compressive 

















































same steel strength ( 400y  MPa), the same density of the ULCC ( 1470c  kg/m3) and the 
same initial impact velocity ( 7.5oV  m/s) for comparison purpose. 
Table 4.6 Comparison of the impact response for pipe-in-pipe composite specimens with 




















f1 7.5 38.0 400 90 523.9 73.1 23.7 406.5 294.1 
f2 7.5 38.0 400 60 508.2 73.5 23.9 402.7 293.6 
f3 7.5 38.0 400 30 479.3 74.6 28.0 378.1 278.9 
 
Compared to the steel material, the increase in the compressive strength of the cement 
composite presents a slight enhancement on the impact force, for both the maximum impact 
force ( maxP ) and the post-peak mean force ( )mP , as illustrated in the Fig. 4.14a. The increase in 
the cement composite strength demonstrates small influence on the global displacement 
response for the pipe-in-pipe composite structure (see Fig. 4.14b and Table 4.6). This indicates 
the limited contribution from the strength increment of the cement composite to the global 
bending deformation response for the pipe-in-pipe composite system. For the two composite 
pipe with the cement composite strength of 60 MPa and 90 MPa respectively (in case f1 and 
case f2), the local indentation response exhibits little difference with a 0.2 mm deviation on the 
maximum local indentation ( max ), as listed in Table 4.6. For the composite pipe in the 
simulation case f3 with 30cf  MPa, the decrease in the cement composite strength intensifies 
the local indentation (see Fig. 4.14c and Table 4.6). When the cement composite strength 
decreases to some extent, the local indentation for the pipe-in-pipe composite model does 
increase due to the local resistance reduction. Figure 4.14d demonstrates the similarity of the 
average strain history for S1-1 and S1-2 of the four composite pipes, indicating that the cement 
composite restrains effectively the large deformation of the steel material at the quarter-span 
position. Under the same external impact energy, the energy absorption capacity ( )EAC  for 
the composite pipe is closely related to the total deflection ( ),tw  based on the definition for 
EAC [see Eq. (3.6)]. The total deflection equals approximately the sum of the maximum 




global displacement ( )maxw and the local indentation ( )max in the FE analysis. Hence, the two 
composite pipes in case f1 and case f2 exhibit the relative high energy absorption capacity
( )EAC with a quite close value of 294, and then followed by the composite pipe in case f3, as 
listed in Table 4.6 
4.4.6 Filler Material Effect 
Table 4.7 and Fig. 4.15 compare the impact response between the ultra lightweight cement 
composite (ULCC) filled and the normal weight concrete filled pipe-in-pipe composite 
structures. In Table 4.7, “ULCC” refers to the simulation case for the ULCC filled pipe-in-pipe 
specimen CCFPIP-2-1. The other simulation case, the “Normal weight concrete”, utilizes the 
same material model (type MAT_72R3 in LS-DYNA) for the filler materials but different 
parameters (e.g. density c  and elastic modulus cE ) based on the material tests. The 
compressive strength of the filler material in the two simulation cases are the same, i.e., 
60cf  MPa, for comparison purpose. 




















ULCC 16.9 60 1470 152.0 508.2 73.5 23.9 402.7 293.6 
Normal weight 
concrete 
37.0 60 2400 186.5 558.2 73.0 24.0 395.9 240.5 
       
In general, the impact response between the pipe-in-pipe composite structures filled with the 
ULCC and the normal weight concrete are quite similar, as illustrated in Fig. 4.15, indicating 
that the slight effect of the filler material density on the impact performance of the pipe-in-pipe 
composite structure. At the initial phase of the impact, the impact force accelerates the 
composite pipe from the zero velocity to a speed approaching that of the drop weight. Under 
the same impact velocity, the normal weight concrete filled pipe-in-pipe model ( 186.5pm  kg) 
demonstrates a higher peak force ( maxP ) than that for the ULCC filled pipe-in-pipe model 
( 152.0pm  kg) due to its heavier weight from the heavier filler material. Compared to the 




composite pipe filled with the ULCC, the composite pipe filled with the normal weight 
concrete presents an 18.3% lower energy absorption capacity ( )EAC  due to the 22.7% heavier 
pipe weight influences directly the value for EAC [see Eq. (3.6)]. 
(a) Impact force history (b) Global displacement history 
(c) Local indentation profile (d) Average of S1-1 and S1-2 strain history 
Fig. 4.15 Comparison of the impact response between pipe-in-pipe composite specimens          
filled with the ULCC and the normal weight concrete.  
 
4.5 Summary 
This chapter carries out a finite element analysis using the explicit code in LS-DYNA on the 
transverse impact behavior of the cement composite filled pipe-in-pipe structures. Comparison 
between the experimental and the numerical results has verified the capability of the FE 
method in analyzing the behavior of the pipe-in-pipe composite structure under the transverse 















































Meanwhile, this chapter conducts an FE parametric study to investigate the effect of various 
impact velocities, geometric and material properties on the transverse impact performance of 
the pipe-in-pipe composite structures. The maximum impact force ( maxP ) enhances apparently 
with the increase of the impact velocity ( oV ), the composite pipe mass ( pm ) and the yield 
strength of the steel pipe ( y ). The impact indenter shape demonstrates an influence on the 
contact area between the indenter and the composite pipe and thus influences the maximum 
impact force ( maxP ) to some extent. The post-peak mean force ( )mP  provides a good reference 
to the real structural capacity for the pipe-in-pipe composite member under the external 
impacts. The post-peak mean force ( )mP  relies significantly on the yield strength of the steel 
pipe. Both the global displacement ( gw ) and the local indentation (  ) increase with the 
growth of the external impact energy ( iE ) and the decrease of the steel pipe strength. 
Moreover, the long impact duration also enlarges the global and the local deformation. In 
addition, the local indentation (  ) escalates with the increase of the contact area and the 
strength of the cement composite. Similar to the post-peak mean force ( )mP , the energy 
absorption capacity ( )EAC  depends significantly on the strength of the steel pipe but relies 
mildly on the strength of the cement composite. Furthermore, the total deflection ( tw ) and the 
composite pipe mass ( pm ) also present an influence on ,EAC based on the definition 
expression for EAC in Eq. (3.6). Without the inner steel pipe, the composite pipe system 
behaves like a hollow steel pipe under the impact load due to the serious loss of steel-cement 
composite action. The density of the filler material influences the total mass of the pipe-in-pipe 
composite structure while demonstrates limited effect on the structural impact performance 
except for maxP  and ,EAC  the two parameters related to the pipe mass. 

















The experimental (Chapter 3) and the numerical (Chapter 4) investigation demonstrate that the 
pipe structures, including the hollow pipe, the cement composite filled pipe and the cement 
composite filled pipe-in-pipe structure, experience both the global bending deformation and 
the local indentation under the transverse impact. During the past few decades, many 
researchers have studied the global bending behavior for hollow steel pipes (Thomas et al., 
1976; Khedmati and Nazari, 2012) and concrete-filled pipes (Han, 2004; Moon et al., 2012). 
Some researchers (Uenaka and Kitoh, 2011; Liew and Xiong, 2012) investigated the flexural 
capacity for concrete-filled pipe-in-pipe structures through three-point or four-point bending 
tests. For the local indentation behavior, researchers have examined the load-indentation 
relationship for hollow pipes through extensive experimental, theoretical and numerical studies 
(Thomas et al., 1976; Wierzbicki and Suh, 1988; Brooker, 2003a). Recently, Hou et al. (2013) 
explored the local indentation behavior for concrete-filled pipes. Currently, little literature is 
about the local indentation behavior for cement composite filled pipe-in-pipe composite 





environment requires an improved understanding on the load-indentation (P-δ) relationship for 
these pipe-in-pipe composite structures.    
 
This chapter starts with a description on the indentation test program including three hollow 
steel pipes, three cement composite filled pipes and seven cement composite filled pipe-in-pipe 
specimens. The following section presents a numerical simulation on the hollow steel pipes 
and the pipe-in-pipe composite members and develops an improved P-δ expression for 
continuously supported hollow steel pipes by fitting the FE results. The next section proposes a 
two-stage approach to predict the P-δ relationship for cement composite filled pipe-in-pipe 
specimens. The subsequent section develops a three-phase method to estimate the P-δ 
relationship for cement composite filled pipes. The last section summarizes the observations 
and the conclusions drawn from this indentation behavior study.    
5.2 Experimental Investigation 
5.2.1 Test Specimens and Set-up 
The indentation test program includes thirteen short pipe specimens consisting of three hollow 
steel pipe (HSP) specimens, three cement composite filled pipe (CCFP) specimens and seven 
cement composite filled pipe-in-pipe (CCFPIP) specimens, all with the length 700L  mm. 
These short specimens have the same geometric dimensions, such as outer steel pipe 
thicknesses, cement composite layer thicknesses and inner pipe thicknesses, as the 
corresponding long specimens ( 2000L  mm) in the impact test program except the specimen 
length, as listed in Table 5.1. The material properties, including the steel and the ultra 
lightweight cement composite (ULCC), for these short specimens are also same with the long 
ones in the impact test program, as presented in Chapter 3. Figures 3.1 and 3.3 illustrate the 
uni-axial true stress-true strain relationships for steel materials (S355) and the typical uni-axial 



























HSP-1 700 219.1 10.0 - - - 399.7 - - 
HSP-2 700 219.1 6.3 - - - 395.4 - - 
HSP-3 700 219.1 5.0 - - - 419.8 - - 
CCFP-1 700 219.1 10.0 - - - 399.7 60.6 1460 
CCFP-2 700 219.1 6.3 - - - 395.4 64.9 1470 
CCFP-3 700 219.1 5.0 - - - 419.8 63.8 1455 
CCFPIP-1 700 219.1 10.0 139.7 5.0 29.7 399.7 63.8 1455 
CCFPIP-2 700 219.1 6.3 139.7 5.0 33.4 395.4 64.9 1470 
CCFPIP-3 700 219.1 5.0 139.7 5.0 34.7 419.8 64.9 1470 
CCFPIP-4 700 219.1 10.0 139.7 6.3 29.7 399.7 60.6 1460 
CCFPIP-5 700 219.1 6.3 139.7 6.3 33.4 395.4 60.6 1460 
CCFPIP-6 700 219.1 5.0 139.7 6.3 34.7 419.8 60.6 1460 
CCFPIP-7 700 219.1 6.3 168.3 6.3 19.1 395.4 60.6 1460 
 
 
Fig. 5.1 Experimental set-up for the lateral indentation test.  
 
The indentation test applies a displacement controlled lateral load in an Instron hydraulic 
testing machine at a rate of 0.1 mm/min. Figure 5.1 illustrates the test set-up, in which the 
tubular specimen rests on a rigid steel base. The rigid steel base provides a continuously 









100 100 150 150 100 100















but without global bending deformation. The wedge-shaped indenter locates at the middle of 
tubular specimen. Two displacement transducers (I-1 and I-2) measures the amount of local 
indentation incurred during the test. The experimental instrumentation contains another six 
displacement transducers to monitor the deformed shape of the specimen, and eight post-yield 
strain gauges to examine the plastic deformations near the indentation zone. 
5.2.2 Test Results 
All specimens experience large plastic deformations at the end of the test. The enhanced local 
resistance of the pipe-in-pipe composite specimen (CCFPIP-2) limits the indentation within a 
localized region surrounding the indentation zone, as shown in Figs. 5.2a and 5.2b. In contrast, 
the local indentation in the steel hollow pipe (HSP-2) propagates to a slightly larger zone 
around the indentation location, as manifested in Figs. 5.2c and 5.2d. Figures 5.2e and 5.2f 
demonstrate that the indentation for the cement composite filled pipe (CCFP-2) is highly 
localized due to the strong restriction from the fully infilled cement composite (ULCC).  
(a) Elevation view for CCFPIP-2 
 
(b) Top view for CCFPIP-2 
(c)  Elevation view for HSP-2 (d)  Top view for HSP-2 
 
(e)  Elevation view for CCFP-2 
 
(f)  Top view for CCFP-2 






Figure 5.3 presents the failure mechanisms within the two specimens CCFPIP-2 and CCFPIP-7 
revealed by the post-test sectioning. In most positions of CCFPIP-2, the ULCC remains in 
contact with the two steel pipes after the test based on the visual inspection. In CCFPIP-7, 
however, the cement composite has separated from the two steel pipes, evidenced by the 
clearly visible gaps in Fig. 5.3b. The cement composite has crushed extensively at the 
locations immediately beneath the indenter in both CCFPIP-2 and CCFPIP-7 specimens. The 
regions away from the indentation zone contain visible shear cracks in the top layer of ULCC.  
(a) CCFPIP-2 
 
(b)  CCFPIP-7  
Fig. 5.3 Failure mode for the cement composite in pipe-in-pipe specimens.  
 
Figure 5.4 shows the load-indentation (P-δ) curves for the hollow steel pipes, the cement 
composite filled pipes and the cement composite filled pipe-in-pipe specimens. The area below 
the P-δ curve indicates the amount of energy absorbed during the test. Despite the expected 
brittleness of the cement composite, the two types of composite pipe specimens sustain a 
substantial amount of local indentation, as reflected in Fig. 5.4. Figure 5.4a compares the P-δ 
curves for the three types of pipe specimen. Among the three specimens with the same outer 
pipe thickness ( 10ot  mm), the cement composite filled pipe exhibits the highest loading 
capacity and the energy absorption capability, and then followed by the pipe-in-pipe composite 
specimen and the hollow pipe specimen. The infilled cement composite not only enhances 





deformation of the steel pipe. The P-δ curves for both the hollow pipe and the pipe-in-pipe 
composite specimen demonstrate a similar shape, i.e., the force increases gradually and 
approaches slowly to an ultimate value (see Fig. 5.4a), since the sandwich pipe wall in the 
pipe-in-pipe specimen behaves like a single wall (just as the hollow steel pipe) when the 
composite action is strong enough to limit the crushing and cracking of the cement composite. 
In contrast, the cement composite filled pipe displays a quite different P-δ response. The 
indentation force increases quickly at the initial phase of the indentation test and then enters 
into a plateau phase due to the severe crushing and cracking of the infilled cement composite, 
as illustrated in Fig. 5.4c. The crushing and cracking of the cement composite produce large 
sounds during the indentation test. As the indenter compacts the infilled cement composite, the 
indentation load redistributes and demonstrates a tendency to increase for some specimens 
(CCFP-1 and CCFP-3), as shown in Fig. 5.4c. Figure 5.4b illustrates the P-δ curves for the 
three hollow pipes. The increase in the pipe thickness causes a higher indentation resistance. 
Further FE parametric studies (see Section 5.4) show that the indentation resistance is 
approximately proportional to 2ot  for the hollow steel pipes with similar yield strength and 
strain-hardening properties, where ot  refers to the thickness of the pipe. Similarly, the increase 
in the pipe thickness for cement composite filled pipe specimens leads to the enhancement of 
the structural strength and the energy absorption capacity, as depicted in Fig. 5.4c. Figure 5.4d 
compares the P-δ behavior for three pipe-in-pipe composite specimens with the same inner 
pipe thickness ( 5it  mm) but different outer pipe thicknesses. When the outer pipe thickness 
increases from 5 mm to 10 mm, the lateral load and the energy absorption amount show an 
obvious growth. However, this increment remains marginal when the outer pipe thickness 
changes from 5 mm to 6.3 mm. The three pipe-in-pipe specimens with an inner pipe thickness 
of 6.3it  mm observe a similar trend in the P-δ response as illustrated in Fig. 5.4e. Figure 5.4f 
shows the P-δ relationships for the three composite specimens with the same outer pipe 
thickness ( 6.3ot  mm). The comparison between CCFPIP-2 and CCFPIP-5 in Fig. 5.4f 





loading capacity and the amount of energy dissipated. However, by increasing the cement 
composite thickness from 19.1 mm to 33.4 mm, CCFPIP-5 exhibits a much better indentation 
performance than that of CCFPIP-7, as the thicker cement composite layer provides more 
resistance and absorbs more external energy. Meanwhile, a thin annular thickness in CCFPIP-7 
elevates the difficulty in ensuring an optimum casting quality during the specimen preparation, 
which may affect adversely the composite action in the pipe-in-pipe specimens and leads to a 
low indentation resistance.   
    (a) HSP-1, CCFP-1 and CCFPIP-1   (b) HSP-1, HSP-2 and HSP-3 
     (c) CCFP-1, CCFP-2 and CCFP-3      (d) CCFPIP-1, CCFPIP-2 and CCFPIP-3 
      (e) CCFPIP-4, CCFPIP-5 and CCFPIP-6      (f) CCFPIP-2, CCFPIP-5 and CCFPIP-7 


































CCFP-2 to=6.3 mm 
CCFP-3 to=5.0 mm
CCFPIP-1 to =10.0 mm
CCFPIP-2 to =6.3 mm











CCFPIP-4 to =10.0 mm
CCFPIP-5 to =6.3 mm
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Figure 5.5 compares the evolution of the measured displacement at T1 and T2 with respect to 
the increase in the local indentation. The displacement, w , at T1 and T2 plotted in Fig. 5.5, 
refers to the average of the displacements, measured at T1-1 and T1-2, and that at T2-1 and 
T2-2, respectively. The displacement measured at T1 and T2 reflects the spread of the local 
indentation along the longitudinal axis of the pipe. For all specimens shown in Fig. 5.5, the 
/w   ratio shows a gradual decrease when the indentation level remains small ( / 0.1oR  ). 
The amount of indentation increases much faster than the displacements recorded by the 
adjacent transducers. This leads to the localization process of the indentation zone. The hollow 
steel pipe, HSP-1, indicates a more rapid rate in the initial decrease of the /w   ratio, than the 
rest of the composite pipe specimens, as demonstrated in Fig. 5.5. This implies that the local 
weakening at the indentation zone occurs more quickly in the hollow steel pipes than that in 
the composite pipe specimens. Compared to the cement composite filled pipe-in-pipe 
specimens, the differential displacement between positions T1 and T2 remains much larger for 
the steel hollow pipe, as observed in Fig. 5.5. This larger differential displacement between T1 
and T2 reflects that the plastic deformation incurred by the local indentation propagates over a 
large distance along the longitudinal direction of the hollow steel pipe than that in the cement 
composite filled pipe-in-pipe specimens. The cement composite filled pipe specimen, CCFP-1, 
exhibits the lowest /w   ratio among all specimens in Fig. 5.5. In addition, the differential 
displacement between positions T1 and T2 for CCFP-1 is extremely small. These indicate that 
the infilled cement composite restrains effectively the propagation of the local indentation for 
the composite pipes. Figure 5.5b presents the comparison between CCFPIP-1 and CCFPIP-2, 
the two composite specimens with different external pipe wall thicknesses. The difference in 
the normalized displacements measured at T1 and T2 remain very small for the two specimens. 
This shows that the increase in the external pipe thickness imposes a small influence on the 
evolution of the indentation zone. Figure 5.5c compares the measured displacements at T1 and 
T2 for two pipe-in-pipe specimens (CCFPIP-2 and CCFPIP-5) with different internal pipe wall 
thicknesses. The slight difference on the displacement response for the two specimens reflects 





indentation zone. Figure 5.5d displays the recorded displacements at positions T1 and T2 for 
two pipe-in-pipe specimens (CCFPIP-5 and CCFPIP-7) with different cement composite layer 
thicknesses. With a thicker cement composite, the /w   ratios for CCFPIP-5 are much smaller 
than those for CCFPIP-7, indicating a more localized indentation. The cement composite 
restricts effectively the propagation of the lateral indentation and absorbs substantial external 
energy as the cement cracks under shear and crashes under compression. 
(a) HSP-1, CCFP-1 and CCFPIP-1 (b) CCFPIP-1 and CCFPIP-2 
(c)  CCFPIP-2 and CCFPIP-5                (d)  CCFPIP-5 and CCFPIP-7       
Fig. 5.5 Comparison of the recorded normalized displacement at positions T1 and T2 versus 
normalized indentation curves.  
 
5.2.3 Comparison with Analytical Models for Hollow Pipes 
Figure 5.6 compares the experimental results for the three hollow pipe specimens with three 
theoretical P-δ relationships, reviewed in Section 2.2, as follows, 
2                                (Wierzbicki and Suh, 1988)yP t t   (5.1) 
0.5 0.57
20.7            (Ong and Lu, 1996)y
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             (5.3) 
For the thin-walled pipes, the theoretical shell model, Eq. (5.1) developed by Wierzbicki and 
Suh (1988), agrees closely with the test data, as illustrated in Figs. 5.6b and 5.6c. However, for 
the thick-walled specimen HSP-1, Eq. (5.1) underestimates the indentation resistance (see Fig. 
5.6a), as Eq. (5.1) does not incorporate the effect of strain hardening and the shear deformation 





(c)  HSP-3 
Fig. 5.6 Comparison of the existing P-δ expressions with the experimental results for hollow 
pipe specimens.  
 
In contrast, Ong and Lu’s model in Eq. (5.2) (1996) over-predicts severely the load resistance 
of the thin-walled pipe (HSP-2 and HSP-3). For the thick-walled pipe (HSP-1), Eq. (5.2) 
under-predicts the initial load resistance at a small indentation level ( / 0.2oR  ), despite the 
closer agreement with the experimental data as / oR exceeds 0.5. The empirical P-δ 












































hollow pipe specimens. DNV (2010b) derives this P-δ relationship mainly based on the tubular 
members subjected to bending moments and axial loads. The reduction factor k is usually 
smaller than 1.0 and decreases with the increase of the axial load. Therefore, a simplified 
assumption of 1.0k   may not be feasible for the axially free pipes in this study. The 
comparison in Fig. 5.6 reflects the lack of a uniform P-δ model for both the thick-walled and 
the thin-walled pipes. 
5.3 Finite Element Investigation 
5.3.1 Finite Element Modeling 
This study simulates the static load-indentation responses for both steel hollow pipes and 
cement composite filled pipe-in-pipe specimens using the implicit code in LS-DYNA (2006). 
Figure 5.7 shows the typical quarter-symmetric FE models used in the numerical analysis. All 
nodes on the symmetric plane remain constrained in the displacement degree of freedom 
perpendicular to that plane.  
 
(a) Hollow pipe model (b) ULCC-filled pipe-in-pipe model 






The material property for the steel follows the 2J  plasticity model (type MAT_24 in LS-
DYNA) and the cement composite properties utilize the concrete damage model (type 
MAT_72R3 in LS-DYNA). The FE model employs eight-node solid elements with reduced 
integration and hourglass control. The FE model also contains the steel base, fixed at the 
bottom, and the wedge-shaped indenter, modeled according to the real dimensions with a semi-
cylindrical indenter ( 15r   mm) and a width of 200 mm (see dimensions in Fig. 5.1). The FE 
simulation applies the penalty algorithm for all contact surfaces. For two deformable surfaces 
in contact, the master surface refers usually to the stiffer body or the surface with a coarser 
mesh if the two surfaces have comparable stiffness (2006). Therefore, the finite element 
procedure selects the steel surfaces (for both the inner and outer pipe) as the master surface as 
they are in contact with the cement material (slave surface). When LS-DYNA detects a 
penetration from the slave node into the master surface, the numerical procedure introduces a 
fictitious spring to simulate an interfacial force between the slave node and its corresponding 
node on the master surface to push the node out from the master surface. More detailed 
information for the FE simulation of the static load-indentation response, including the 
material model and the contact model, follows the discussions in Section 4.2. 
5.3.2 Validation of the FE Analysis 
Figure 5.8 presents a detailed comparison between the FE analysis and the test results for HSP-
3, including: the P-δ curve (Fig. 5.8a), the load versus the vertical displacements (at T1 and T2) 
and the out-of-plane displacements (at T3) (Fig. 5.8b), and the load versus the strain 
measurement (Figs. 5.8c and 5.8d). Figure 5.8a demonstrates a close agreement between the 
experiment P-δ record and the numerical results. In Fig. 5.8b, a positive displacement at T3 
implies an increase in the deformed diameter of the pipe. The numerical analysis presents a 
reasonably accurate description of the experimental load versus the out-of-plane displacement 
at T3 (as shown in Fig. 5.8b). At small displacement levels, the FE results agree closely with 





deformation, the indenter stretches severely the top surface of the pipe to the middle, leading to 
the significant slip between the pipe surface and the needle of the transducer at T1 and T2. 
This causes the measured displacements at the fixed positions T1 and T2 are different from the 
displacements of the points on the pipe surface, which are initially 150 mm and 250 mm away 
from the pipe center (see Fig. 5.1) before the indentation test but stretched to the pipe center 
during the indentation process. In contrast, the FE simulation computes the displacement of 
these points (the ones initially 150 mm and 250 mm away from the pipe center) on the pipe 
surface throughout the indentation process. This causes the experimental load versus 
displacement at T1 and T2 curves to deviate from the FE results for HSP-3 (see Fig. 5.8b).  
(a) P-δ curves (b) Load versus recorded displacement curves 
(c)  Load versus top-surface strain curves       (d)  Load versus side-surface strain curves     
Fig. 5.8 Comparison of the indentation response between the FE results and the test data for 
HSP-3.  
 
The load versus the longitudinal strain measured at 30 mm and 50 mm away from the center 
line of the pipe (see Fig. 5.1) indicate a reduction in the measured strain values at a large 































































indentation increases, as reflected in Fig. 5.8c. The numerical method predicts accurately the 
circumferential strain S3, which remains in tension as shown in Fig. 5.8d. Figure 5.8d also 
shows that the longitudinal strain at S4 experiences initially tension followed by compression 
when the indenter becomes in contact with the outer pipe material near S4. 
(a) HSP-1 and HSP-2 (b) CCFPIP-1and CCFPIP-2 
(c)  CCFPIP-3 and CCFPIP-4               (d)  CCFPIP-5, CCFPIP-6 and CCFPIP-7      
Fig. 5.9 Comparison of the P-δ relationships in FE models with the experimental results.  
 
Figure 5.9 displays the comparison between the P-δ curves computed from the numerical 
analysis and the experimental results for the other two hollow pipe specimens and the seven 
pipe-in-pipe composite specimens. Figure 5.9a demonstrates the good agreement between the 
FE results and the test data for hollow steel pipes. The current numerical models provide 
reasonable estimations on the P-δ relationships for the pipe-in-pipe composite specimens, 
especially when the indentation level remains small ( / 0.3oR  ), as shown in Figs. 5.9b-5.9d. 
However, with the progressive damage of the cement composite, the deviation between the FE 
results and the experimental data gradually intensifies, as the FE simulation does not provide 

















































CCFPIP-5 Test           CCFPIP-5 FE
CCFPIP-6 Test           CCFPIP-6 FE





5.4 Load-Indentation Relationship for Hollow Pipes  
Wierzbicki and Suh’s theoretical model [Eq. (5.1), 1988] underestimates the indentation force 
for thick-walled pipes while the FE analysis provides a good correlation with the experimental 
results for both the thick-walled and the thin-walled tubes. Hence, this section attempts to 
propose a universal P-δ formulation applicable for continuously supported hollow steel pipes 
with various geometric and material properties, including 0 0/D t  ratio, yield stress and strain-
hardening property, based on an FE parametric study. The parametric study starts with five FE 
models with a large range of 0 0/D t  ratio, from 11.0 to 54.8, as listed in Table 5.2. The five 
models utilize the material properties obtained from the coupon test (see Fig. 3.1). Figure 
5.10a gathers the evolution of the lateral load P, normalized by 2 / 4y ot , versus the local 
indentation δ, normalized by oR , for five FE hollow pipe models. The five non-dimensional 
load-indentation curves remain close to each other with a similar shape, implying that the 
indentation resistance for continuously supported hollow pipes is approximately proportional 
to 2ot . Hence, a recommended P-δ relationship, containing 2ot  and considering the strain-
hardening property of the steel material, for continuously supported hollow steel pipes follows, 
1 22
2( )
( / 4)y o o
P C C n
t R

    (5.4) 
where n  denotes the strain-hardening exponent in the Ramberg-Osgood relationship (1943). 





          
    (5.5) 
For the above mentioned five FE models, n  equals 10, calculated by a regression of the stress-
strain curves from the coupon test (see Fig. 3.1). To determine the value of the two coefficients 
1C and 2C , the parametric study investigates another eighteen hollow pipe models with diverse 
geometric and material properties, including two different pipe thicknesses ( 5.0 and 10.0ot   





hardening exponents ( 5, 10 and 20n  ). The coefficients 1C  and 2C  equal 22.0 and 0.166, 
respectively, based on curve fitting of the numerical results.  
Table 5.2 0 0/D t  ratios in the FE models for continuously supported hollow steel pipes. 
Do×to 
(mm×mm) 
219.1×20.0 219.1×10.0 219.1×6.3 219.1×5.0 219.1×4.0 
0 0/D t   11.0 21.9 34.8 43.8 54.8 
 
 
(a) Normalized P-δ curves and the fitted P-δ 
curve for hollow steel pipes  
 
(b) Comparison with different yield strength 
and strain-hardening properties (219.1×10.0)   
   
(c) Comparison with different yield strength  
    and strain-hardening properties (219.1×6.3)           
 




      (e) Thin-walled hollow pipe 219.1×6.3 
 
   (f) Thin-walled hollow pipe 219.1×5.0  
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Figure 5.10a compares the P-δ curves between the five FE models with different /o oD t  ratios 
and the proposed formulation [Eq. (5.4)]. Figures 5.10b compares the P-δ curves for the nine 
thick-walled hollow pipe models ( 10ot   mm) and the proposed formulation [Eq. (5.4)] with 
three different strain-hardening exponents ( 5, 10 and 20n  ). Similarly, Fig. 5.10c compares 
the P-δ curves for the nine thin-walled hollow pipe models ( 5ot   mm) and the proposed 
formulation [Eq. (5.4)] with three different strain-hardening exponents ( 5, 10 and 20n  ). 
Figures 5.10d to 5.10f compare the proposed P-δ relationship [Eq. (5.4)] for hollow steel pipes 
with the corresponding test results and the theoretical formulation derived by Wierzbicki and 
Suh [Eq. (5.1), 1988]. The proposed P-δ relationship [Eq. (5.4)] applies to commonly used 
structural steel pipes within a large range of /o oD t  ratios (  / 11.0, 54.8o oD t  ), yield strength 
(  250 MPa, 690 MPay  ) and strain-hardening exponents (  5, 20n ). 
5.5 Two-Stage Load-Indentation Formulation for Pipe-In-Pipe  
      Composite Structures 
5.5.1 Theoretical Model for Hollow Pipes   
Wierzbicki and Suh (1988) have derived the P-δ relationship [Eq. (5.1)] for steel hollow pipes 
from a simplified shell model, consisting of a series of independent rings and generators, as 
illustrated in Fig. 5.11.  
  
(a) Rings in the pipe (b) Generators in the pipe 
 
(c) Loose connection between a ring and      
a generator  
  
 (d) An inextensible ring bending about        
     generators under the lateral indentation 






The equilibrium condition of the simplified shell model depends on the principle of virtual 
work (Wierzbicki and Suh, 1988), 
ext intE E   (5.6) 
where extE  refers to the rate of external work. For a pipe with free ends subjected to lateral 
load only, extE  becomes (Wierzbicki and Suh, 1988), 
extE P   (5.7) 
The rate of internal work, intE , derives from two separate idealized components: a ring model 
to describe the deformed cross section of the pipe and a longitudinal strip (or generator) to 
characterize the deformation of the pipe material below the indenter along the longitudinal axis 
of the pipe (see Fig. 5.11). The theoretical approach assumes an inextensible ring, i.e., 0xx   
(a zero rate of the circumferential strain), and neglects the change in the longitudinal curvature 
of the generators, which remains much smaller than the change in the circumferential curvature 
of the rings. The theoretical model follows a thin shell approach and neglects the shear 
deformation and the twist deformation of the pipe. The internal work thus comprises of the 
energy absorbed by the crushing of the ring model ( crushE ), and the energy absorbed by the 
elongation of the generator model (Wierzbicki and Suh, 1988),  
int crush genE E E     (5.8) 
where the energy absorbed by the crushing consists of the energy dissipated by the bending 
moment in the ring model and the energy dissipated in the plastic hinges (Wierzbicki and Suh, 
1988), 
( ) ( )[ ]i icrush o xx oS
i
E M dS M     (5.9) 
where 2 / 4o o oM t  refers to the plastic moment capacity of the pipe wall with a unit width 
and   denotes the relative rotation rate on both side of the plastic hinge. The average flow 





material for steel. The energy absorbed by the longitudinal deformation in the generator 
(Wierzbicki and Suh, 1988), 
gen o yyS
E N dS    (5.10) 
where o o oN t  defines the axial capacity of the pipe wall with a unit width. 
5.5.1.1 Ring model 
The geometry of the deformed cross section consists of four arcs and one flat segment, as 
illustrated in Fig. 5.12.  
 
Fig. 5.12 Geometry of the plastically deforming zone in the theoretical shell model 
(Wierzbicki and Suh, 1988). 
 
The length for each individual segment follows (Wierzbicki and Suh, 1988), 
1 1s R  (5.11) 
2 2 ( )s R     (5.12) 
3 1 2( )sins R R    (5.13) 
1 2 3 os s s R    (5.14) 
1 22 [ (1 cos ) (1 cos )]c ow R R R       (5.15) 
where 1s  and 2s  denote the length of the bottom and the upper curved arcs respectively, as 






















radius of the two arcs 1s  and 2s , respectively. cw  indicates the deflection along the pipe, as 
shown in Fig. 5.12. The angle   measures the angle from the bottom of the pipe to the first 






   (5.16) 
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The rates of the relative rotation on both sides of the hinges follow (Wierzbicki and Suh, 1988), 
1 1 2 2
2 1 2
1 1 1,V V
R R R
       
   (5.18) 
where 1V  and 2V  are tangential velocities of the deformed ring (Wierzbicki and Suh, 1988),  
1
1 2 1 2, ( )
ds dV V s s
dt dt
    (5.19) 
Substituting Eqs. (5.17) - (5.19) into Eq. (5.9) leads to (Wierzbicki and Suh, 1988), 
1 2 1 1 2
1 22 20
1 2 2 2 1
( )1 1 12 2 ( )crush o
R R ds d s sE M R R dy
R R dt R dt R R
                            
    
(5.20) 
where   denotes the half-length of the indentation zone as shown in Fig. 5.11. Substituting 
Eqs. (5.11)-(5.16) into Eq. (5.20) leads to an expression for the rate of crushing energy with 
only one unknown parameter cw ( Wierzbicki and Suh, 1988).  
 
On the other hand, the rate of the crushing energy of the ring equals the product of the transient 
crushing force crushP  and the deflection rate cw  (Wierzbicki and Suh, 1988), 
crush crush cE P w   (5.21) 
Equating Eqs. (5.20) and (5.21) yields a simplified crushing force for a single ring (Wierzbicki 










  (5.22) 
The theoretical approach further assumes that the deflection rate cw  varies linearly with y, at 
the instance of crushing (Wierzbicki and Suh, 1988), 
1c
yw  
    
  (5.23) 
where   refers to the deflection rate at the middle of the indentation zone. The total crushing 
energy rate of the whole series of rings becomes (Wierzbicki and Suh, 1988), 
0





  (5.24) 
5.5.1.2 Generator model 
In Eq. (5.10), the rate of the longitudinal strain consists of three components as (Wierzbicki 
and Suh, 1988), 
0 0yy o
dv dw dwdy dy z
dy dy dy
        
    (5.25) 
where the first term characterizes the uniform compression or tension of the pipe and remains 
the same for all generators. The second term denotes the strain rate caused by the local 
indentation and the third component describes the longitudinal strain rate caused by the global 
rotation of the pipe. Wierzbicki and Suh (1988) have proposed an equation for the strain rate 




    
  (5.26) 
where   measures the out-of-plane angle along the circumference of the pipe, as shown in 
Fig. 5.12, and w  refers to the vertical defection at a position along the circumference of the 
ring in Fig. 5.12. Therefore, the axial strain rate at the end of the pipe becomes (Wierzbicki 
and Suh, 1988), 
2
1 cosyy o o ov R
   
      





where ov  and o  are the rate of axial displacement and the rate of rotation at ,y   
respectively. 
   
By considering the axial force and the bending moment separately through the energy 
equilibrium, the analytical method derives the expressions for N  and M  as (Wierzbicki and 
Suh, 1988), 
0
2 ( )o o yyN N R sign d
      (5.28) 
 0 02 2o o yyM N R sign dy zd        (5.29) 
where the tensile strain is positive whereas the compressive strain is negative. In the present 
study, the specimen experiences zero axial load and zero applied moment, i.e., 0N  and 
0M  . In order to satisfy these two conditions, the longitudinal strain rate should change the 
sign twice at two angle positions 1  and 2  over the range of (0, ) . From Eq. (5.28), the 
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Solving Eqs. (5.30) and (5.31) simultaneously leads to 1 / 4   and 2 3 / 4  . Hence, the 
longitudinal strain rate equals zero at angles 1  and 2 , or (Wierzbicki and Suh, 1988), 
2
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   (5.32) 
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Considering the sign of the axial strain rate, the total generator energy rate becomes 
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where 
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    is the stretching energy for one single pipe 
generator. Substituting Eqs. (5.30)-(5.33) into Eq. (5.34) leads to (Wierzbicki and Suh, 1988): 
4gen o o
E N R 
  (5.35) 
5.5.1.3 P-δ relationship for hollow pipes 
Substituting Eqs. (5.7), (5.24) and (5.35) into Eq. (5.6), the virtual work condition  becomes 








    
   (5.36) 
At the minimum the lateral load P with / 0P    , the length of the indentation zone equals 
(Wierzbicki and Suh, 1988), 
8o oR t
    (5.37) 
Substituting Eq. (5.37) into Eq. (5.36) provides the P-δ relationship for hollow pipes, as shown 
in Eq. (5.1). 
5.5.2 Two-Stage Approach for Cement Composite Filled Pipe-In-Pipe Structures   
This study develops a two-stage approach to predict the P-δ relationship for the ultra 
lightweight cement composite (ULCC) filled pipe-in-pipe structures, namely the composite 
stage and the separation stage. The composite stage corresponds to the initial P-δ response of 
the composite pipe, in which the steel and the ULCC assume full composite action due to the 
high confinement to the ULCC provided by the two steel pipes. At a large indentation level, 
the steel and the ULCC behave independently due to the separation between the steel-ULCC 
contact surface initiated by the material failure in the cement composite and large deformations 





5.5.2.1 Composite stage 
The P-δ formulation for the composite stage extends Wierzbicki and Suh’s (1988) theoretical 
solution for the hollow pipes to the pipe-in-pipe specimens. Figures 5.13 and 5.14 compare the 
Mises stress and shear stress for the hollow steel pipe and the pipe-in-pipe composite 
specimens, at an indentation level of / 0.16oR  , to characterize the deformed shape of the 
pipe in Stage I - the composite stage. Figures 5.13 and 5.14 include four typical specimens: the 
thick-walled hollow pipe HSP-1 ( 10.0ot   mm), the thin-walled hollow pipe HSP-2 ( 6.3ot   
mm), the composite pipe CCFPIP-4 with the thickest sandwich wall (46.0 mm), and the 
composite pipe CCFPIP-7 with the thinnest sandwich wall (31.7 mm). The Mises stress and 
the shear stress levels in the two composite pipe specimens are smaller than those in the thick-
walled pipe HSP-1 but remain in similar magnitudes as in the thin-walled tubular member 
HSP-2. The thick-walled pipe experiences significant strain hardening in materials near the 
plastic hinge, as reflected by the large effective strain values in Fig. 5.13a. In contrast, the 
effective stress near the plastic hinge in the thin-walled hollow pipe HSP-2 exceeds the yield 
strength by a marginal amount. This marked difference in the level of strain hardening between 
the thick-walled pipe and the thin-walled pipe leads to the severe under-estimation of P-δ 
response by Eq. (5.1) for the thick-walled pipe, as the theoretical approach assumes a 
perfectly-plastic material model. The effective stresses at the plastic hinge location in the two 
sandwich specimens CCFPIP-4 and CCFPIP-7 remain in similar magnitudes as those for HSP-
2, implying a low level of strain hardening effect in both the outer pipe and the inner pipe due 
to the composite actions in these specimens, which allow energy dissipation in all three layers 
of materials.  
 
Figures 5.13 and 5.14 also illustrate the distributions of the non-dimensional normal stress xx  
and the non-dimensional shear stress xz , across the wall thickness of the specimens at the 
position of the plastic hinge, which confirms the composite effect in the cement-filled pipe-in-





magnitudes compared to these stresses in the thin-walled pipes. This implies that the original 
P-δ relationship in Eq. (5.1), which estimates closely the response of the thin-walled pipe, 
remains applicable to the pipe-in-pipe composite specimens. 
  
(a) HSP-1 (b) HSP-2 
 
(c) CCFPIP-4   (d) CCFPIP-7 
Fig. 5.13 Comparison of the Mises stress distribution in FE models. 
 
The P-δ relationship for the pipe-in-pipe composite specimens therefore follows a similar 
approach as that for the steel hollow pipes. The internal energy consists of the crushing energy 
based on the ring model and the axial stretching energy based on the generators, as derived in 
Eq. (5.36). For the composite pipes, the equivalent plastic moment capacity, oM , of the pipe 
wall depends on the location of the neutral axis, and follows the below expressions for four 
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The above calculation of oM  ignores the tensile strength of the cement composite material. 
The equivalent thickness in the composite pipe for the ring model ringt , corresponding to the 
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(a) HSP-1 (b) HSP-2 
         
(c) CCFPIP-4  
              
 (d) CCFPIP-7 






Table 5.3 Equivalent thickness for the sandwich composite pipes in the two-stage approach. 
Specimen ot (mm) it (mm) ct (mm) ring
t (mm) gent (mm)
CCFPIP-1 10.0 5.0 29.7 33.5 15.0 
CCFPIP-2 6.3 5.0 33.4 30.8 11.3 
CCFPIP-3 5.0 5.0 34.7 28.2 10.0 
CCFPIP-4 10.0 6.3 29.7 35.9 16.3 
CCFPIP-5 6.3 6.3 33.4 31.6 12.6 
CCFPIP-6 5.0 6.3 34.7 34.7 11.3 
CCFPIP-7 6.3 6.3 19.1 25.3 12.6 
 
Table 5.3 lists the calculated equivalent thickness for the ring model. Hence, the rate of the 






     (5.46) 
Neglecting the cement composite in tension, the equivalent axial capacity, oN , of the 
composite pipe wall follows, 
( )o o o iN t t   (5.47) 
The equivalent thickness in the generator model for the pipe-in-pipe specimen simply equals 
the sum of the outer pipe thickness and the inner pipe thickness, 
gen o it t t   (5.48) 
Table 5.3 summarizes the equivalent thickness for the generator model. Thus, the rate of the 
generator stretching energy for the composite pipe equals, 
4gen o gen
E t R  
  (5.49) 
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At the minimum lateral load P with / 0P    , the P-δ expression for the cement composite 
filled pipe-in-pipe specimens during the composite stage becomes, 





5.5.2.2 Separation stage 
With the increasing local indentation, the large deformation in the steel pipe and the cement 
composite failure leads to the separation of the originally in contact steel and cement 
composite surfaces. The loss of contact between the two materials dismisses the composite 
action and causes a slower increase in the pipe resistance as the indentation increases. Thus, 
the P-δ relationship of the sandwich pipe enters into the second stage, namely the separation 
stage. In this phase, the indentation resistance derives from three individual layers of materials. 
For the outer and the inner steel pipes, the proposed approach utilizes the recommended 
expression, Eq. (5.4), to calculate the indentation resistance for the steel pipes under very large 
plastic deformations in the separation stage, 
21 2( ) 2
4o o o o
C C nP t
R
  (5.52) 
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4i o i i
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  (5.53) 
where oP  and iP  denote the indentation resistance of the outer pipe and the inner pipe 






(a) Cross section in the x-z plane  (b) Cross section in the y-z plane 











For the cement composite, the proposed method utilizes an approximate area to withstand the 
transverse indentation, as depicted in Fig. 5.15. In the x-z plane, the length of the compressive 
area equals approximately twice of the annular thickness ct , as illustrated in Fig. 5.15a. In the 
y-z plane, the load-resistance area between the indenter and the specimen assumes a constant 
width calculated using the disperse angle of the cement material equals  as shown in Fig. 
5.15b [tan 0.5   as suggested in Eurocode 2 (2004) and CIDECT (Packer et al., 2009)]. 
Hence, the length of the load-resistance area in the longitudinal direction equals,  
4sin ( )yz o cL r t t    (5.54) 
where r refers to the radius of the indenter head, i.e., 15 mm. Therefore, the indentation 
resistance cP , contributed by the cement composite follows, 
2 4sin ( )c c xz yz c c o cP f L L f t r t t       (5.55) 
The capacity of the pipe-in-pipe specimen in the separation stage equals the sum of the 
indentation resistance from the three components,  
o c iP P P P    (5.56) 
Substituting Eqs. (5.50), (5.51) and (5.53) into the above expression leads to the P-δ 
expression for the second stage. The cP  term in Eq. (5.56) assumes the development of the full 
capacity of the cement material at a reasonably large indentation level and remains 
independent of the amount of indentation . 
5.5.3 Validation   
As exemplified in Fig. 5.16a for CCFPIP-1, the P-δ relationship based on the two stages (the 
composite stage and the separation stage) intersects at an intermediate indentation level. The 
proposed P-δ relationship thus combines the Stage I (composite stage) P-δ curve prior to the 
intersection point and the Stage II (separation stage) P-δ curve after the intersection point to 
form a complete P-δ model for the pipe-in-pipe composite specimens. The proposed approach 
provides an accurate prediction on the P-δ relationship for all seven specimens as 





P-δ model in the composite stage confirms the assumption in Section 5.5.2.1, i.e., the pipe-in-
pipe specimens experience a similar mechanism as does the thin-walled hollow pipes at small 
indentation levels in the composite stage and the theoretical shell model remains applicable to 
these pipe-in-pipe specimens. 
(a) CCFPIP-1 and CCFPIP-2 (b) CCFPIP-3and CCFPIP-4 
(c) CCFPIP-5                     (d) CCFPIP-6 and CCFPIP-7       
Fig. 5.16 Comparison of the P-δ relationships between the test results and the two-stage 
formulation for pipe-in-pipe composite specimens.  
 
This study adopts a confinement factor , introduced by Hou et al. (2013), to quantify the 
confinement effect in each pipe-in-pipe composite specimen, 




    (5.57) 
where soA  and siA  refer to the cross-sectional area of the outer steel pipe and that of the inner 
steel pipe respectively. cA  denotes the cross-sectional area for the cement composite. ckf  
defines the characteristic compressive strength of the cement composite and equals 67% of the 

























































composite specimens. CCFPIP-1 and CCFPIP-4 have a high confinement factor due to their 
thick-walled outer pipe. CCFPIP-7 has the highest confinement factor due to its thin cement 
composite layer. The confinement factors for the other four pipe-in-pipe specimens remain 
relatively low due to the thin-walled outer and inner pipes as well as the thick cement 
composite annulus. 
Table 5.4 Indentation level at which the proposed P-δ model reaches the second stage and the 
















  5.14 3.17 2.78 5.74 3.67 3.26 6.42 
/ oR  0.27 0.33 0.42 0.22 0.30 0.36 0.11 
 
For each pipe-in-pipe composite specimens, the proposed P-δ model enters into Stage II 
(separation stage) at different indentation levels, as summarized in Table 5.4. Figure 5.17 
implies that a high confinement factor   leads to an early initiation of the separation stage. 
Based on the full composite assumption in the theoretical model in Stage I, a high confinement 
factor, which implies a large cross-sectional area of the steel compared to that for the cement 
composite, also causes a fast accumulation of the indentation resistance in the composite stage 
[see Eq. (5.51)]. This leads to the earlier intersection of the P-δ curves of the composite stage 
and the separation stage. 
 
Fig. 5.17 Relationship between the confinement factor ( ) and the indentation level at the 




















For the separation stage, the indentation resistance consists of three parts, i.e., the indentation 
resistance of the outer pipe oP , the indentation resistance of the inner pipe iP  and the 
indentation resistance of the cement composite cP . For CCFPIP-1 and CCFPIP-4 with a thick-
walled outer pipe ( 10ot  mm), the external pipe contributes nearly 40% of the total resistance 
while cP  equals about 45% of the total resistance. For CCFPIP-2 and CCFPIP-3 with a thin-
walled inner pipe ( 5it  mm), cP  provides around 65% of the total indentation resistance 
while oP  and iP  have the similar magnitude. For CCFPIP-5 and CCFPIP-6 with the same 
inner pipe thickness ( 6.3it  mm), the total indentation resistance derives about 60% from the 
cement composite, about 25% from the inner pipe and about 15% from the outer pipe. For 
CCFPIP-7, the specimen with the thinnest cement composite layer in this study, the cement 
composite offers about 45% of the total resistance, while the outer pipe contributes about 25% 
and the inner pipe provides the rest 30%. The cement composite contributes significantly to the 
indentation resistance in the separation stage, especially for specimens with a low confinement 
factor. 
 
The two-stage approach predicts, with a reasonable accuracy, the P-δ relationship in the 
separation stage, as shown in Fig. 5.16. The proposed formula demonstrates a close agreement 
with the experimental results for specimens with a high confinement factor (e.g., CCFPIP-1, 
CCFPIP-4 and CCFPIP-7), while over-predicts slightly the indentation resistance of specimens 
with a low confinement factor (CCFPIP-2, CCFPIP-3, CCFPIP-5 and CCFPIP-6). The 
indentation resistance in the separation stage for the low-confined specimens depends 
significantly on the resistance provided by the cement composite. These low-confined 
specimens appear to initiate the separation stage at a slightly smaller indentation level than that 







5.6 Load-Indentation Relationship for Cement Composite 
      Filled Pipes 
The confinement factor ( ), calculated by Eq. (5.57), for the three cement composite filled 
specimens is much lower than that for the seven pipe-in-pipe composite specimens (as 
compared between Table 5.4 and Table 5.5) due to the absence of the inner steel pipe in the 
cement composite filled pipe specimens. This reflects the relative limited composite action 
between the steel pipe and the cement composite for cement composite filled pipes. Therefore, 
this study considers the load capacity for the steel pipe and the cement composite separately 
and analyzes the P-δ relationship for cement composite filled pipes in three different phases, 
namely the localized indentation phase, the indentation propagation phase and the load 
redistribution phase, as schematically illustrated in Figs. 5.18 to 5.20. The localized 
indentation phase corresponds to the initial P-δ response of the cement composite filled pipe, 
in which the indentation occurs just beneath the contact area between the indenter and the pipe, 
as seen in Fig. 5.18. With the increasing lateral load, the indentation creates a downward 
deformation, which propagates towards the ends of the pipe, as shown in Fig. 5.19. At some 
indentation level, a part of the cement composite immediately beneath the indentation zone 
crushes, which creates a redistribution of the stresses to adjacent steel and cement composite 
materials. This load redistribution phase corresponds to the plateau phase of the P-δ curves for 
the cement composite filled pipes, as shown in Fig. 5.4c.  
Table 5.5 Confinement factor ( ) for cement composite filled pipe specimens.   
 CCFP-1 CCFP-2 CCFP-3 
  2.08 1.14 0.96 
 
5.6.1 Localized Indentation Phase   
For cement composite filled pipes, the current analytical prediction ignores the composite 
action between the steel and the cement composite and derives the indentation resistance from 
the two individual materials, 





where oP  and cP  denote the indentation resistance from the steel pipe and the cement 
composite core respectively. The analytical prediction applies the recommended expression 
[Eq. (5.4)] to calculate the indentation resistance from the steel pipe through all the three P-δ 
response phases, 
21 2( ) 2
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(a) Cross section view in the x-z 
plane 
(b) Local amplifying cross section view in the y-z plane  
Fig. 5.18 Determination of the load-resistance area for the cement composite filled pipe 
specimens in the localized indentation phase.  
 
For the cement composite, the analytical method utilizes an effective area in resisting the 
lateral indentation, a similar approach as that for the pipe-in-pipe composite specimens in the 
separation stage. Figures 5.18 to 5.20 illustrate the load-resistance area for the cement 
composite in the three P-δ response phases. During the localized indentation phase, the 
indentation remains small and the length of the load-resistance area in the x-z plane ( xzL ) 
equals approximately (see Fig. 5.18a), 
2 22 ( )xz c cL R R     (5.60) 
where c o oR R t   refers to the external radius of the cement composite cylinder in the 
composite pipe. In the y-z plane, the indenter and the steel pipe remain in contact along the arc 
AB, as shown in Fig. 5.18b. Meanwhile, the load transfer in the cement composite assumes a 





















et al., 2009)]. Hence, the length of the load-resistance area in the longitudinal direction ( yzL ) 
equals, 
2 2( )





      (5.61) 
where r denotes the radius of the indenter head, i.e., 15 mm in the local indentation test (see 
Fig. 5.1). Therefore, the indentation resistance contributed by the cement composite ( cP ) 
follows, 
2 2
2 2 ( )2 ( ) [2( ) 4 ]c c xz yz c c c o
r r
P f L L f R R r t
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           (5.62) 
Substituting Eqs. (5.59) and (5.62) into Eq. (5.58) leads to the P-δ expression for the first 
phase. The term cP  in Eq. (5.58) assumes the full development of the cement composite 
capacity within the load-resistance area. 
5.6.2 Indentation Propagation Phase   
When the slope of the line OA (point O denotes the center of the semi-cylindrical indenter head 
in the y-z plane) decreases to the disperse angle  as the indentation grows (see Fig. 5.19b), 
the contact area between the indenter and the steel pipe assumes a constant area and maintains 
this area till the end of the indentation test, as illustrated in Figs. 5.19 and 5.20. The P-δ 
response for the cement composite filled pipe enters into the second phase (the indentation 
propagation phase). The length of the load-resistance area in the longitudinal direction 
becomes, 
4( )yz oL r t   (5.63) 
The indentation resistance cP , contributed by the cement composite follows, 
2 22 ( ) 4( )c c xz yz c c c oP f L L f R R r t        (5.64) 
Substituting Eqs. (5.59) and (5.64) into Eq. (5.58) leads to the P-δ expression for the second 
phase. Similarly, the term cP  in Eq. (5.64) assumes the full development of the cement 






(a) Cross section view in the x-z 
plane 
(b) Local amplifying cross section view in the y-z plane  
Fig. 5.19 Determination of the load-resistance area for the cement composite filled pipe 
specimens in the indentation propagation phase.  
 
5.6.3 Load Redistribution Phase   
With the increase of the lateral load, some cement composite in the load-resistance area 
crushes and fails to contribute to the indentation resistance, causing load redistribution to 
adjacent cement composite materials. The P-δ response for the cement composite filled pipe 
passes into the third phase (the load redistribution phase), reflected as the plateau part in the P-
δ curves, as depicted in Fig. 5.4c. To describe this P-δ response, the proposed analytical 
method assumes that the load-resistance area for the cement composite remains a constant 
value throughout this phase. The load resistance of the cement composite in the third, load 
redistribution phase equals the load resistance of the cement composite at the end of the second 
phase. The length of the load-resistance area in the y-z plane ( yzL ) maintains a constant value 
of 4( )or t  throughout the second and the third P-δ response phase [Eq. (5.63)]. The length of 
the load-resistance area in the x-z plane follows, 
xz t fL L L   (5.65) 
where tL  and fL  refer to the total length of the contact and the length of the crushed cement 
composite (the dashed line in Fig. 5.20a) in the x-z plane. Both tL  and fL  increase as the 
lateral indentation intensifies but the difference between the two, i.e., xzL , remains constant. 






















(a) Cross section view in the x-z 
plane 
(b) Local amplifying cross section view in the y-z plane  
Fig. 5.20 Determination of the load-resistance area for the cement composite filled pipe 
specimens in the load redistribution phase.  
 
To determine the critical indentation c  (also the indentation value that the cement composite 
starts to crush) between the second and the third P-δ response phase, this study establishes an 
volume change equilibrium condition for the cement composite in the pipe specimens 
subjected to the lateral indentation. Under the lateral indentation, the cement composite in the 
pipe specimens experiences biaxial compression due to the confinement from the steel pipe. 
When the crushing failure occurs, the volume for the cement composite decreases by,  
0[1 (1 )(1 )]fx fzV V       (5.66) 
where 0V  refers to the initial volume of the cement composite (ULCC). fx  and fz  denote the 
ULCC failure strain in the x and z direction respectively. This study estimates the failure 
strains under the biaxial compression condition from Darwin and Pechnold (1977) and 
Bouzaiene and Massicotte (1997), 
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where fi  represents the material failure strain in ith direction. f  denotes the material failure 
strain under the uniaxial compression. /ci cR f  defines the consolidation factor, in which ciR  






















Table 5.6 shows the uniaxial compressive strength ( cf ) and the uniaxial failure strain ( f ) for 
the cement composite in the three composite pipe specimens respectively, based on the 
material test as discussed in Chapter 3. Wastiels (1978) reviewed a large number of research 
work and summarized that the concrete consolidation factor (the ratio of biaxial to uniaxial 
strength) is about 1.4 for 1 2/c cR R =0.5 and decreases to 1.2 when 1 2/c cR R =1.0, in which 1cR  
and 2cR  denote the compressive strength in the bi-axial compressive loading directions. 
Recently, Swaddiwudhipong and Seow (2006) have further confirmed this phenomenon for 
plain concrete and concrete reinforced by steel fibers ( [0.5%, 1.5%]fV  ) based on their 
experimental and numerical investigations. This study assumes 1 2/c cR R =1.0 to determine the 
consolidation factor for the cement composite in the composite pipe, i.e., /ci cR f =1.2 as 
discussed above. Substituting the consolidation factor ( /ci cR f ) and the uniaxial failure strain 
( f ) for the cement composite into Eq. (5.67) leads to the material failure strain in the x and z 
direction ( fx  and fz ), as listed in Table 5.6. Table 5.6 also presents the decreased volume 
( V ), calculated by Eq. (5.66), when the cement composite in the three pipe specimens starts 
to crush under the lateral indentation.  
Table 5.6 Prediction of the P-δ response for cement composite filled pipe specimens.   
 cf (MPa) f
 ,fx fz   V  /c oR  
CCFP-1 60.6 0.0044 -0.0070 00.0139V  0.20 
CCFP-2 64.9 0.0048 -0.0077 00.0153V  0.22 
CCFP-3 63.8 0.0043 -0.0069 00.0136V  0.21 
 
On the other hand, for cement composite filled pipes under the lateral indentation, the volume 
reduction ( V ) of the infilled cement composite depends on the deformation configuration of 
the pipe (see Fig. 11c), which relies on the indentation depth ( ) and the radius of the cement 
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in which the expression for 1A  and 2A  follows,  
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    (5.70) 
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where L  denotes the length of the specimen, i.e., 700 mm.   refers to the disperse angle
[tan 0.5   as suggested in Eurocode 2 (2004) and CIDECT (Packer et al., 2009)]. 
 
Equating Eqs. (5.66) and (5.69) leads to the critical indentation level /c oR  (see Table 5.6) at 
which the cement composite begins to crush. Hence, the lateral indentation capacity for the 
cement composite filled pipe in the load redistribution phase equals the sum of the indentation 
resistance from the steel pipe ( oP ) and the cement composite ( cP ), 
2 2 21 2( ) 2 2 ( ) 4( )
4o c o o c c c c oo
C C nP P P t f R R r t
R
           (5.72) 
5.6.4 Validation   
As exemplified Fig. 5.21a for CCFP-1, the P-δ relationship based on the three-phase (the 
localized indentation phase, the indentation propagation phase and the load redistribution 
phase) intersects at two intermediate indentation levels. The proposed P-δ relationship thus 
combines the Phase I (localized indentation phase) P-δ curve prior to the first intersection 
point, the Phase II (indentation propagation phase) P-δ curve between the first and the second 
intersection point, and the Phase III (load redistribution phase) after the second intersection 
point to form a complete P-δ model for the cement composite filled pipe specimens. Generally, 





cement composite filled pipe specimens as presented in Fig. 5.21.The P-δ response in the 
second phase, however, under-predicts the indentation resistance, as it excludes the composite 
action between the steel pipe and the cement composite. 
(a) CCFP-1 (b) CCFP-2 
 
(c) CCFP-3                   
Fig. 5.21 Comparison of the P-δ relationships between the test results and the analytical 
prediction for cement composite filled pipe specimens.  
 
5.7 Summary 
This chapter investigates the load-indentation relationship for the cement composite filled 
pipe-in-pipe composite structures under lateral loads through a combined experimental, 
numerical and theoretical investigation. The experimental program consists of three hollow 
pipe specimens, three cement composite filled pipe specimens and seven cement composite 
filled pipe-in-pipe specimens. Both the two kinds of composite pipe specimens demonstrate 
significantly stronger indentation resistance and energy absorption capacity than do the steel 
hollow pipes. For the pipe-in-pipe composite specimens, the cement composite layer 








































localized region around the indenter. The increase in the inner pipe thickness shows very 
limited influence on the indentation response of the composite pipes.  
 
The numerical study revisits the P-δ relationships for steel hollow pipes with a wide range of 
dimensions and material properties (  / 11.0, 54.8o oD t  ,  250 MPa, 690 MPayσ  and 
 5, 20n ), and proposes a P-δ formulaton for hollow steel pipes to incorporate the strain 
hardening effect at large indentation levels. The suggested formulation presents a reasonable 
agreement with the experimental and the numerical data. In addition, the numerical analyses 
compare the plastic deformations incurred in steel hollow specimens and in the pipe-in-pipe 
composite specimens, indicating that the cement composite filled pipe-in-pipe specimens 
demonstrate similar Mises and shear stress distributions near the assumed plastic hinge 
locations as those in the thin-walled steel hollow specimens at small indentation levels. Both 
the thin-walled steel pipes and the pipe-in-pipe composite specimens entail limited strain 
hardening near materials at the assumed plastic hinges at small indentations. In contrast, 
significant strain hardening and plastic deformations occurs near the plastic hinge locations in 
the thick-walled steel hollow pipes.  
 
This research develops a two-stage approach to estimate the P-δ relationships for the pipe-in-
pipe composite specimens. The proposed approach extends a theoretical shell model for 
hollow pipes to the current sandwich pipes in the first composite stage, assuming similar 
plastic deformations in the composite pipes and in the thin-walled hollow pipes based on the 
observations from the numerical analyses. For the second stage, the proposed method 
dismisses the composite action and sums the individual indentation resistance from the outer 
pipe, the inner pipe and the cement composite. The close agreement between the proposed P-δ 
model and the experimental results confirms the assumptions in the two-stage analytical 
approach and validates the applicability of the proposed P-δ model in estimating the load-






This study develops a three-phase method to predict the P-δ response for cement composite 
filled pipes. The developed method ignores the composite action between the steel pipe and the 
cement composite core in the pipe specimens and sums the individual indentation resistance 
from the steel pipe and the cement composite core. In each P-δ response phase, the proposed 
method assumes the load transfer mechanism to determine the load-resistance area for the 
cement composite. The close agreement between the proposed P-δ model and the experimental 
results confirms the rationality for the assumptions on the load-resistance area and the critical 
indentation level in this three-phase analytical method for cement composite filled pipes. 

















Besides the experimental and the numerical study, some researchers have developed 
theoretical method to analyze the transverse impact behavior for hollow steel pipes (Jones and 
Shen, 1992; Wen and Reid, 1998; Shen and Shu, 2002) and concrete filled steel tube (CFST) 
structures (Qu et al., 2011). Currently, little literature is on the theoretical analysis for the 
impact behavior of pipe-in-pipe composite structures. Theoretical studies on the impact 
behavior for hollow pipe and composite pipe structures are still deficient and challenging due 
to complexity of the dynamic problem.     
 
This chapter aims to propose a theoretical method to predict the global response for hollow 
pipe structures, cement composite filled pipe strucutres and cement composite filled pipe-in-
pipe structures under the transverse impact. The chapter starts with an introduction on the 
proposed theoretical method to estimate the transverse impact response for the three types of 
pipe structures. The following section validates the theoretical prediction against the 
experimental results. The next section carries out a parametric study using the validated 





and the impact velocity on the impact response for the three types of pipe structures. The 
subsequent section proposes simplified formulations to provide fast and reliable estimates on 
the impact response for pipe-in-pipe composite structures. The last section summarizes the 
conclusions drawn from this theoretical study. 
6.2 Theoretical Analysis  
6.2.1 Dynamic Deformation Response 
Under the transverse impact, the pipe structures experience both global deformation ( gw ) and 
local indentation (  ), as discussed in the experimental and the numerical investigation 
(Chapter 3 and Chapter 4 respectively). Hence, the total deflection ( tw ) at the impact location 
on the pipe equals, 
t gw w    (6.1) 
The local indentation ( ), therefore, follows, 
t gw w    (6.2) 
 
Based on the experimental observation and the numerical simulation, the impact indenter and 
the pipe are in contact after the initial strike till the end of the whole impact process. Hence, 
the proposed theoretical method assumes that the displacement for the indenter equals the total 
deflection at the impact location on the pipe. The displacement for the indenter (also the total 
deflection at the impact location on the pipe tw ) at time t  follows (Lee 1940), 
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where dm  denotes the mass of the drop weight, i.e., 1350 kg in the impact test program. P
represents the transverse impact force, varying with the time. 
 
The global displacement ( gw ) for the pipe consists of two parts, 





where ,g ew  and ,g pw  refer to the elastic and the plastic global displacement of the pipe 
respectively. The proposed method treats the simply supported pipe as a beam and employs 
Timoshenko's beam theory (Lee, 1940; Goldsmith, 1960). At time ,t the elastic global 
displacement for the pipe at the mid-span follows (Lee, 1940; Goldsmith, 1960), 
, 0
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   (6.6) 
where pm  refers to the total mass of the pipe specimen. EI  represents the flexural stiffness of 
the pipe. For hollow steel pipes, the flexural stiffness follows, 
4 4[ ( 2 ) ]
64 s o o o
EI E D D t    (6.7) 
where sE  denotes the Young’s modulus for the steel material. For the cement composite filled 
pipes, the flexural stiffness follows, 
s so c cEI E I E I   (6.8) 
where soI  and cI  refer to the second moment of area for the steel pipe and the cement 
composite section respectively. cE  denotes the elastic modulus for the cement composite. For 
pipe-in-pipe composite members, the flexural stiffness becomes, 
( )s so si c cEI E I I E I    (6.9) 
where soI , siI  and cI  refer to the second moment of area for the outer steel pipe, the inner 
steel pipe and the cement composite section, respectively.  
 
The current theoretical method derives the plastic global displacement ( ,g pw ) through an 
energy approach, which ignores energy losses during the impact, 
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where dE  represents the kinematic energy of the pipe, transfered from the drop weight. rV
defines the velocity of the drop weight at time t , calculated by the momentum conservation 
law applied to the drop weight only, 
0
( ) ( ) /
t
r o dV t V P d m     (6.12) 
E  and g,eE  refer to the local indentation energy and the elastic global deformation energy for 
the pipe respectively. g,pE  denotes the plastic global deformation energy for the pipe. The 
proposed theoretical method assumes that the plastic hinge at the mid-span dissipates all the 
plastic global deformation energy for the simply supported pipe, 
, ,
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   (6.13) 
where pM  denotes the plastic moment capacity of the pipe cross section at the mid-span. 
Under the transverse impact, the shape of the pipe cross section varies with an increasing local 
indentation, as shown in Fig. 5.12. This study estimates the deformed shape for circular hollow 
sections based on the assumptions made by Wierzbicki and Suh (1988). The deformed cross 
section of the pipe consists of two bottom arcs ( 1R ), two upper arcs ( 2R ) and four plastic 
hinges, as introduced in Section 5.5.1 (see Fig. 5.12). The location of the neutral axis of the 
deformed circular hollow section at the mid-span, derives from the equilibrium of the 
compression force ( sC ) and the tension force ( sT ) applied on the section, 
s sC T  (6.14) 
With the location of the neutral axis, determined by Eq. (6.14), the plastic moment capacity for 
the hollow pipe section becomes, 





in which scM  and stM  denote the plastic moment capacity contributed from the steel pipe 
section in compression and that in tension respectively. Similarly, the two types of composite 
pipe sections follow the same deformed shape (Wierzbicki and Suh, 1988) and employ the 
force equilibrium condition to identify the location of the neutral axis. For cement composite 
filled pipe sections, 
so c soC C T   (6.16) 
where soC  and cC  refer to the compressive force in the steel pipe and the cement composite 
respectively. soT  denotes the tensile force in the steel pipe. The force equilibrium condition 
ignores the tensile strength of the cement composite. Thus the plastic moment capacity follows, 
p soc cc sotM M M M    (6.17) 
in which socM  and ccM  denote the plastic moment capacity contribution from the steel pipe 
and the cement composite section in compression respectively. sotM  refers to the plastic 
moment capacity contribution from the steel pipe in tension. For pipe-in-pipe composite 
sections, 
iso s c so siC C C T T     (6.18) 
where soC , siC and cC  refer to the compressive force in the outer steel pipe, the inner steel 
pipe and the cement composite respectively. soT and siT  denote the tensile force in the outer 
and the inner steel pipe respectively. The force equilibrium condition ignores the tensile 
strength of the cement composite. Thus the plastic moment capacity follows, 
p soc sic cc sot sitM M M M M M      (6.19) 
in which socM , sicM  and ccM  denote the plastic moment capacity contribution from the outer 
steel pipe, the inner steel pipe and the cement composite section in compression respectively. 
sotM  and sitM  refer to the plastic moment capacity contribution from the outer steel pipe and 






When calculating the plastic moment capacity ( pM ) at the mid-span, the proposed method 
considers the dynamic strength for the steel and the cement composite material due to the 
unneligible strain rate effect in the material just beneath the impact point. The dynamic 
increase factor for the steel material ( sDIF ) follows the Cowper-Symonds equation (Jone, 
1989) and thus the dynamic yield strength ( ,y d ) for the steel becomes, 
1/
, [1 ( / ) ]
p
y d s y d yDIF C        (6.20) 
where the strain rate parameters 40.4C   and 5p  , suggested by Cowper and Symonds 
(Jone, 1989). d  denotes the dynamic strain rate and equals approximately (Jone, 1989), 
24 /(3 2 )d t o owV L   (6.21) 
where tw  represents the total deflection at the impact location on the pipe. oV  refers to the 
initial impact velocity. Since the DIF for the current novel ultra lightweight cement composite 
(ULCC) is unavailable, the dynamic increase factor for the ULCC in compression ( cDIF ) 
follows the equations for normal weight concrete, based on the Comite Euro-International du 
Beton (CEB) code (1993) as, 
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where the static strain rate 5 13 10s s    , suggested by Liew et al. (2009). Hence, the 
dynamic compressive strength ( ,c df ) for the ULCC follows, 
,c d c cf DIF f  (6.23) 
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Substituting Eqs. (6.3), (6.4), (6.5) and (6.24) into Eq. (6.2) leads to an expression for the time-
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6.2.2 Load-Indentation Relationships for Simply Supported Pipes 
Based on a combined experimental and numerical investigation, Chapter 5 has proposed load-
indentation (P-δ) relationships for continuously supported hollow pipes, cement composite 
filled pipes and cement composite filled pipe-in-pipe members. To identify the applicability of 
the proposed P-δ relationships (see Chapter 5) for simply supported pipes in the impact test 
program, this section simulates the static P-δ response for simply supported pipes subjected to 
a concentrated lateral load in LS-DYNA (2006). The numerical simulation utilizes the same 
FE models as discussed in Chapter 4 (see Figs. 4.2 and 4.3) but employs the implicit code in 
LS-DYNA (2006) for the static analysis. The FE model applies a displacement controlled 
lateral load to the mid-span of the simply supported pipe at a rate of 0.001 mm/s. 
(a) HSP-2-1 (b) CCFPIP-7-1 
Fig. 6.1 Comparison of the proposed P-δ relationship for continuously supported pipes with 
the FE analysis for simply supported pipes subjected to lateral indentation.  
 
Figure 6.1 compares the P-δ curve between the FE analysis results and the proposed P-δ 
relationships (in Chapter 5) for two typical pipe specimens, i.e., the hollow pipe HSP-2-1 and 
the sandwich composite pipe CCFPIP-7-1. Figure 6.1a shows that the FE P-δ curve for HSP-2-
1 increases firstly to an ultimate load ( uP ) and then starts to decrease as the local resistance 



























numerical investigation reported by Zheng et al. (2014) confirms this observation, i.e., the 
decreasing load, in the P-δ response for simply supported hollow pipes. The proposed P-δ 
relationship for continuously supported hollow pipes, as defined in Eq. (5.4), demonstrates a 
reasonable agreement with the FE analysis P-δ curve in the increasing phase prior to the load 
decreasing phase, as reflected in Fig. 6.1a. Figure 6.1b presents a close agreement between the 
FE analysis results and the proposed P-δ relationship, as defined in Eqs. (5.51) and (5.56), for 
continuously supported composite pipe CCFPIP-7-1.  
 
The proposed P-δ expression in Chapter 5 for continuously supported pipes provides good 
correlation with the P-δ curve for simply supported pipe-in-pipe composite specimens while 
over-predicts the lateral load for hollow pipes at large indentation levels. For pipes 
continuously supported by a rigid base, the local indentation resistance provides the entire 
structural capability. The central part of the pipe behaves like a ring compressed between the 
indenter and the rigid base, which constrains strictly the downward movement of the pipe 
bottom. The cross section of the pipe, thus, bulges out laterally only around the mid-span and 
sustains the indentation load while sitting on a continuous solid foundation. The lateral load for 
the continuously supported pipes, therefore, increases persistently until a very large indentation 
level, as observed in the local indentation test and shown in Fig. 6.1. In contrast, the local 
indentation and the global bending deformation resistance contribute together to the structural 
capability for simply supported pipes. Under the lateral load, the simply supported pipes tend 
to move downwards at the mid-span caused by the global bending. The combined action of the 
global bending and the local indentation facilitate the plastic deformations in materials near the 
indentation zone around the mid-span. This leads to the stress redistribution at an early 
deformation or local indentation level for the simply supported hollow pipes, as illustrated in 
Fig. 6.1a. Compared to the hollow pipes, the simply supported composite pipes demonstrate 
significantly higher local indentation resistance and global bending stiffness due to the 
presence of the infilled ULCC and the steel-ULCC-steel composite action. This enhance 





continuously increasing lateral load resistance for the sandwich composite pipe even at a large 
indentation level ( / 0.75oR  ). Similarly, the P-δ curve for simply supported cement 
composite filled pipes increases continuously within a large indentation level due to the 
presence of the infilled ULCC. The ULCC restrains effectively the development of the local 
indentation as reflected in the experimental investigation (see Chapter 3) and the numerical 
study (see Chapter 4). Therefore, the proposed P-δ relationships for continuously supported 
cement composite filled pipes [see Eq. (5.58)] and cement composite filled pipe-in-pipe 
members [see Eqs. (5.51) and (5.56)] are applicable for the simply supported pipe specimens 
in the impact test program. The proposed P-δ relationship for continuously supported hollow 
pipes over-predicts the lateral load for simply supported hollow pipes at large indentation 
levels. 
 
This section attempts to propose a P-δ expression applicable for simply supported hollow pipes 
at various indentation levels, based on an FE parametric study. The parametric study consists 
of four FE hollow pipe models with the same external diameter 219oD  mm but different 
pipe thickness, i.e., 10 mm, 8 mm, 6.3 mm and 5 mm, with a range of  /o oD t  ratio from 21.9 
to 43.8. The four pipes employ the same material models and boundary conditions as discussed 
in Chapter 4. Inspired by the ring-generator model originally proposed by Wierzbicki and Suh 
(1988), which indicates that the indentation resistance for hollow pipes depends on 1.5ot , Fig. 
6.2a examines the evolution of the lateral load P, normalized by 1.5y ot , versus the local 
indentation δ, normalized by oR , for the four FE hollow pipe models. The four normalized 
load-indentation curves remain close to each other with a similar trend in both the load 
increasing phase and the load decreasing phase, implying that the indentation resistance for the 
simply supported hollow steel pipes is approximately proportional to 1.5ot . Therefore, a 
recommended P-δ relationship for simply supported hollow pipes follows, 





4 5( / )              for the load decreasing phasey o o o oP t t R C R C    (6.27) 
where coefficients 3C , 4C  and 5C  equal 1.421, -0.832 and 2.402, respectively, based on the 
curve fitting of the FE results. Figures 6.2b to 6.2d compare the developed P-δ expressions 
[Eqs. (6.26) and (6.27)] for simply supported hollow pipes with the corresponding FE results 
and the P-δ relationship proposed in Chpater 5 [Eq. (5.4)] for continuously supported pipes. 
The comparison demonstrates the good agreement between the FE results and the developed 
P-δ expressions [Eqs. (6.26) and (6.27)], indicating the validity of the developed P-δ 
expressions [Eqs. (6.27) and (6.27)] for simply supported hollow pipes under the lateral load. 
 
(a) normalized P-δ curves and the fitted P-δ 
curve for hollow pipes  
 
(b) hollow pipe 219.1×10.0 
 
(c) hollow pipe 219.1×6.3 
 
(d) hollow pipe 219.1×5.0 
Fig. 6.2 Developed P-δ relationship for simply supported hollow pipes.  
 
6.2.3 Numerical Procedure 
This study employs Evans' numerical procedure (Evans et al., 1991), which proves to be 
computationally accurate and efficient (Evans et al., 1991; Liew et al., 2009), to solve the 








Eq. (6.26)                 219.1×8.0
Eq. (6.27)                 219.1×6.3









































impact response for the three types of pipes. The numerical procedure assumes that the impact 
force ( )P   varies linearly over each time increment t  (or time step) (Evans et al., 1991), 
1




P jP j P j t j t
t
             (6.28) 
where 1jP   and jP  refer to the force at time ( 1)j t   and j t  respectively.  In addition 
(Evans et al., 1991), 
0 ( 1)
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According to this numerical procedure, Eq. (6.25) becomes, 
2( ) N N N Nt A B P CP     (6.30) 
where NP  denotes the force at time instant t N t  , in which N  refers to the number of time 
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  (6.33) 
In the above three equations, the plastic moment capacity ( pM ), calculated by Eq. (6.15) for 
hollow pipe sections, Eq. (6.17) for cement composite filled pipe sections and Eq. (6.19) for 
cement composite filled pipe-in-pipe sections, changes in each time step corresponding to the 
deformed cross section of the pipe caused by the time-dependent local indentation. In addition, 
the local indentation energy ( E ) and the elastic global deformation energy ( ,g eE ) varies with 
the time and follow, 





, ,g e g eE Pdw   (6.35) 
 
The proposed theoretical method predicts the impact response at the Nth time step for the three 
types of pipes by iterations as follows: 
Step 1: Calculate NA  and NB  through Eqs. (6.31) and (6.32) respectively since they only 
involve force values from 1P  to 1N -P . Calculate NC  through Eq. (6.33). This step 
employs values for the plastic moment capacity, the local indentation energy and the 
elastic global deformation energy at the (N-1)th time step, i.e., 1( )p NM  , 1( )NE   and 
, 1( )g e NE   respectively.          
Step 2: Assume a value (>0) for local indentation (  ) and substitute this value into the 
developed P-δ relationships for the three types of pipes to calculate the lateral force     
( P ), i.e., Eqs. (6.26) and (6.27) for hollow pipes, Eq. (5.58) for cement composite 
filled pipes and Eqs. (5.51) and (5.56) for cement composite filled pipe-in-pipe 
members.    
Step 3: Substitute the calculated P , NA , NB  and NC  into Eq. (6.30) to calculate  .   
Step 4: Repeat Steps 2 and 3 until P  and   converge within an acceptable tolerance (0.01 kN 
for P  and 0.001 mm for  ).      
Step 5: Calculate the total deflection ( tw ) and the elastic global deformation ( ,g ew ) by 
substituting the impact force values from 1P  to NP  into Eq. (6.3) and Eq. (6.5) 
respectively. Substitute tw  and   into the deformation relationship [Eq. (6.2)] to 
calculate the global displacement ( gw ).  
Step 6: Determine the values for the plastic moment capacity [Eqs. (6.15), (6.17) and (6.19) 
respectively for the three types of pipes], the local indentation energy [Eq. (6.34)] and 
the elastic global deformation energy [Eq. (6.35)] at the Nth time step, i.e., ( )p NM , 





Step 7: Substitute ( )p NM , ( )NE  and ,( )g e NE  into Eqs. (6.31) to (6.33) to recalculate NA , NB  
and NC .  
Step 8: Repeat Steps 1 to 7 until the impact response for the pipe converge within an 
acceptable tolerance (0.01 kN for the impact force and 0.001 mm for both the global 
displacement and the local indentation). 
 
In the theoretical analysis, the P-δ relationship in the unloading phase for the sandwich 
composite pipe still utilizes both Eq. (5.51) and Eq. (5.56), following the same P-δ path (see 
Fig. 6.1b) before the local indentation reaches the maximum value ( max ). The P-δ relationship 
in the unloading phase for the cement composite filled pipe still employs Eq. (5.58), following 
the same P-δ path before the local indentation reaches the maximum value ( max ). In contrast, 
the P-δ relationship in the unloading phase for hollow pipes applies only Eq. (6.26) but without 
Eq. (6.27) to prevent the artificial increase in the impact force during unloading. The proposed 
method describes the pipe response based essentially on the beam theory (see Section 6.2.1). 
The theoretical predictions, therefore, focus on the global response for the pipes under the 
transverse impact, including the impact force response and the global displacement response.      
6.3 Validation of Theoretical Analysis  
Figure 6.3 compares the impact force history and the global displacement history between the 
theoretical prediction and the experimental results for four typical hollow pipe specimens. 
Table 6.1 presents the theoretical predictions comprising of the maximum impact force ( maxP ), 
the maximum global displacement ( maxw ) and the post-peak mean force ( mP ) for the five 
hollow pipe specimens. The theoretical method does not predict exactly the first peak force for 
the two thick-walled hollow pipes (HSP-1-1 and HSP-1-2 with 10ot  mm), as illustrated in 
Figs. 6.3a and 6.3c respectively. The first peak force, induced by the inertia force to accelerate 
the specimen from the zero velocity to a speed approaching that of the impact indenter during 





The theoretical method overestimates the global displacement for the thick-walled hollow pipe 
HSP-1-1 ( 10ot  mm) while under-predicts the global displacement response for the thin-
walled hollow pipe HSP-3-1 ( 5ot  mm), as presented in Figs. 6.3b and 6.3h respectively. 
Compared to the thin-walled hollow pipe, the the thick-walled hollow pipe dissipate more 
impact energy by the global bending of the pipe due to the higher local indentation resistance. 
Furthermore, the developed approach ignores the energy losses and assumes that the plastic 
hinge at the mid-span absorbs all the plastic global deformation energy, which increases the 
global displacement prediction to some extent. These lead to the over-prediction on the global 
displacement for the thick-walled hollow pipe HSP-1-1. For the thin-walled hollow pipe HSP-
3-1, the low indentation resistance causes the pipe to dissipate more impact energy by the local 
indentation than by the global bending. In addition, the long impact duration in the real test 
contributes to the development of the global bending deformation of the pipe, causing the large 
experimental global displacement for HSP-3-1. These two factors lead to the under-prediction 
of the theoretical analysis on the global displacement for HSP-3-1 (similar for HSP-3-2), as 
shown in Fig. 6.3h. The current method does not provide reasonable estimates on the residual 
global displacement in the real impact test, as demonstrated in Fig. 6.3. The proposed method 
calculates the impact response, including the global displacement ( gw ), for the pipe specimens 
based on the force equilibrium function [Eq. (6.25)]. Therefore, the global displacement curve 
stops when the impact force decreases to zero. Meanwhile, the theoretical method provides 
reasonable estimations on the post-peak mean force ( mP ) for the hollow pipes (see Table 6.1). 
Table 6.1 Theoretical prediction of the impact response for hollow pipe specimens. 
Specimen max
P  (kN) maxw  (mm) mP (kN) 
Pre. Pre./Test Pre. Pre./Test Pre. Pre./Test 
HSP-1-1 394.5 0.89 89.9 1.12 312.5 0.93 
HSP-1-2 289.8 0.84 25.1 0.98 270.3 0.98 
HSP-2-2 133.6 1.01 55.4 0.99 118.8 1.00 
HSP-3-1 94.5 1.02 78.8 0.86 71.3 1.01 
HSP-3-2 89.4 1.05 77.9 0.89 67.9 1.06 
Mean value  0.96  0.97  1.00 






(a) Impact force history for HSP-1-1 (b) Global displacement history for HSP-1-1 
(c) Impact force history for HSP-1-2 (d) Global displacement history for HSP-1-2 
(e) Impact force history for HSP-2-2 (f) Global displacement history for HSP-2-2 
(g) Impact force history for HSP-3-1 (h) Global displacement history for HSP-3-1 
Fig. 6.3 Comparison of the impact response between the test result and the theoretical 































































































(a) Impact force history for CCFP-1-1 
 
(b) Global displacement history for CCFP-1-1 
 
(c) Impact force history for CCFP-2-1 
 
(d) Global displacement history for CCFP-2-1 
 
(e) Impact force for CCFP-3-1 
 
(f) Global displacement history for CCFP-3-1 
Fig. 6.4 Comparison of the impact response between the test result and the theoretical 
prediction for cement composite filled pipe specimens.  
 
Figure 6.4 compares the impact force history and the global displacement history between the 
theoretical prediction and the experimental results for three typical cement composite filled 
pipe specimens. Table 6.2 lists the theoretical predictions consisting of the maximum impact 
force ( maxP ), the maximum global displacement ( maxw ) and the post-peak mean force ( mP ) for 
all six cement composite filled pipe specimens. Similar to the two thick-walled hollow pipes, 














































































filled pipe specimens (see Fig. 6.4) due to the large pipe mass and the relative high impact 
velocity (see Table 3.5). The proposed method ignores the energy losses and assumes that the 
plastic hinge at the mid-span absorbs all the plastic global deformation energy, which leads to 
an overestimation of the global displacement. The current method does not provide reasonable 
estimates on the residual global displacement in the real impact test, as demonstrated in Fig. 
6.4. The proposed method calculates the impact response, including the global displacement 
( gw ), for the pipe specimens based on the force equilibrium function [Eq. (6.25)]. Therefore, 
the global displacement curve stops when the impact force decreases to zero. In general, the 
theoretical method provides reasonable estimates on the impact force and the global 
displacement response.  
Table 6.2 Theoretical prediction of the impact response for cement composite filled pipe 
specimens. 
Specimen max
P  (kN) maxw  (mm) mP (kN) 
Pre. Pre./Test Pre. Pre./Test Pre. Pre./Test 
CCFP-1-1 1048.7 1.01 60.1 1.10 658.8 0.93 
CCFP-1-2 1032.0 0.94 55.1 1.06 661.2 1.00 
CCFP-2-1 760.4 0.91 84.1 1.11 446.4 0.87 
CCFP-2-2 759.0 0.91 77.2 1.06 448.3 0.83 
CCFP-3-1 615.2 0.90 92.9 1.16 363.8 0.89 
CCFP-3-2 618.4 0.87 102.9 1.22 366.8 0.85 
Mean value   0.92   1.12   0.90 
 Standard deviation 0.04  0.06  0.06 
 
Figure 6.4 also presents the impact force history and the global displacement history, 
calculated by the same theoretical approach but ignoring the elastic global displacement ( ,g ew ), 
for the three typical specimens. Due to the quite small local indentation values, the global 
displacement, both the elastic part ( ,g ew ) and the plastic portion ( ,g pw ), becomes a dominated 
influence factor on the impact response for the cement composite filled pipes in the current 
theoretical approach. Hence, the impact force history and the global displacement history are 
apparently smoother compared to the previous theoretical prediction, which considers the 
elastic global displacement ( ,g ew ) [see Eq. (6.4)]. The sine function term in ,g ew  [see Eq. (6.5)] 





Fig. 6.4. Compared to the theoretical predictions including the elastic response ,g ew , the 
maximum impact force and the global displacement decrease while a more stable phase 
appears in the impact force curve by excluding the elastic global displacement. 
 
Table 6.3 shows the theoretical predictions on the impact response for all the sixteen pipe-in-
pipe composite specimens. Figure 6.5 compares the impact force history and the global 
displacement history between the theoretical prediction and the experimental results for seven 
typical pipe-in-pipe composite specimens. The theoretical method does not predict exactly the 
first peak force for the pipe-in-pipe composite specimens (see Fig. 6.5) due to the large pipe 
mass and the relative high impact velocity (see Table 3.5). The proposed method overestimates 
the post-peak mean force ( mP ) and the impact force in the stable stage for the pipe-in-pipe 
composite specimens (see Fig. 6.5) since this method does not consider the cement composite 
failure in the theoretical development. The developed method overestimates the global 
displacement for pipe-in-pipe composite specimens, as reflected in Fig. 6.5. The sandwich 
composite pipes tend to dissipate more impact energy by the global bending of the pipe due to 
the high local indentation resistance, leading to the overestimate on the global displacement. 
Furthermore, the developed method ignores the energy losses and assumes that the plastic 
hinge at the mid-span absorbs all the plastic global deformation energy, which increases the 
global displacement prediction to some extent. The current method does not provide 
reasonable estimates on the residual global displacement in the real impact test, as 
demonstrated in Fig. 6.5. The proposed method calculates the impact response, including the 
global displacement ( gw ), for the pipe specimens based on the force equilibrium function [Eq. 
(6.25)]. Therefore, the global displacement curve stops when the impact force drops to zero. 
 
In general, the proposed theoretical method provides reasonable estimates on the global 
response for all the three types of pipe specimens under the transverse impact, including the 





(a) Impact force history for CCFPIP-1-1       
and CCFPIP-2-1 
(b) Global displacement history for        
      CCFPIP-1-1 and CCFPIP-2-1 
(c) Impact force history for CCFPIP-3-1       
and CCFPIP-4 
(d) Global displacement history for        
      CCFPIP-3-1 and CCFPIP-4 
(e) Impact force history for CCFPIP-5-1       
and CCFPIP-6 
 
(f) Global displacement history for        
      CCFPIP-5-1 and CCFPIP-6 
(g) Impact force history for CCFPIP-7-1       (h) Global displacement history for CCFPIP-7-1
Fig. 6.5 Comparison of the impact response between the test result and the theoretical 
































































































Table 6.3 Theoretical prediction of the impact response for pipe-in-pipe composite specimens. 
Specimen max
P  (kN) maxw  (mm) mP (kN) 
Pre. Pre./Test Pre. Pre./Test Pre. Pre./Test 
CCFPIP-1-1 620.4 1.02 56.1 1.11 581.7 1.06 
CCFPIP-1-2 619.3 0.99 53.8 1.13 580.4 1.06 
CCFPIP-2-1 522.1 1.01 78.4 1.09 448.1 1.11 
CCFPIP-2-2 522.3 0.97 79.5 1.10 448.3 1.11 
CCFPIP-3-1 471.8 0.96 88.6 1.12 382.1 1.07 
CCFPIP-3-2 474.9 0.95 90.8 1.14 384.3 1.09 
CCFPIP-4 650.4 1.01 46.3 1.04 606.2 1.06 
CCFPIP-5-1 564.7 1.04 75.7 1.15 474.3 1.05 
CCFPIP-5-2 565.0 0.95 78.1 1.15 475.4 1.00 
CCFPIP-5-3 564.6 1.05 76.2 1.14 474.3 1.08 
CCFPIP-5-4 564.6 1.04 76.2 1.15 474.3 1.08 
CCFPIP-6 486.0 0.93 86.4 1.11 411.9 1.03 
CCFPIP-7-1 487.1 0.90 65.0 1.01 463.9 1.16 
CCFPIP-7-2 487.3 0.89 65.6 1.00 464.0 1.06 
CCFPIP-7-3 480.9 0.92 68.1 1.01 457.3 1.17 
CCFPIP-7-4 479.6 0.93 64.1 0.95 456.4 1.16 
Mean value  0.97  1.09  1.08 
 Standard deviation 0.05  0.06  0.05 
 
6.4 Parametric Study  
This section reports a parametric study using the validated theoretical method to investigate the 
effect of the steel and the cement composite strength, the geometric dimension and the impact 
velocity on the global response for the three types of pipe structures under the lateral impact.     
6.4.1 Material Strength Effect 
The parametric study starts with three pipe models: one hollow pipe model with the same 
dimensions as HSP-1-1 (see Table 3.1); one cement composite filled pipe model with the same 
dimensions as CCFP-2-1 (see Table 3.2); and one pipe-in-pipe composite model with the same 
dimensions as CCFPIP-2-1 (see Table 3.3). The material strength for the three pipes covers a 
wide range of the commonly used structural steel strength ( [250 MPa, 690 MPa]y  ) and the 
cement composite strength ( [30 MPa, 90 MPa]cf  ), as listed in Tables 6.4 to 6.6. The impact 
velocity of the 1350 kg drop weight is consistent in all cases, i.e., 7.5oV  m/s, which is close 





Table 6.4 Material strength effect on the impact response for hollow steel pipes. 
7.5oV  m/s y  (MPa) maxP  (kN) maxw (mm) mP  (kN) 
Hollow pipe 
(Φ219.1×10.0) 
690 622.9 51.0 420.7 
550 519.4 66.6 405.4 
400 394.3 85.3 314.5 
250 263.3 135.2 226.7 
 
Figure 6.6 compares the impact force history and the global displacement history calculated by 
the proposed theoretical method for the hollow pipe model with various steel strengths, i.e., 
690y  MPa, 550 MPa, 400 MPa and 250 MPa, respectively. Under the same impact 
velocity, the increase in the steel pipe strength enhances significantly the impact force and 
diminishes obviously the global displacement of the hollow pipe, as reflected in Fig. 6.6. Table 
6.4 also shows that the enhancement of the steel pipe strength leads to the significant growth of 
the post-peak mean force ( mP ). The theoretical analysis demonstrates the improvement of the 
impact performance for hollow pipes as the steel strength increases. 
 
(a) Comparison of the impact force history 
for different steel strengths  
(b) Comparison of the global displacement 
history for different steel strengths 
Fig. 6.6 Theoretical parametric study of the impact response for hollow pipes with different 
material strengths.  
 
Table 6.5 Material strength effect on the impact response for cement composite filled pipes. 




690 60 1053.9 60.6 644.0 
550 60 880.7 69.2 520.9 
400 60 757.4 81.8 451.2 
250 60 402.2 136.2 268.3 
400 90 779.3 81.3 463.1 
400 60 757.4 81.8 451.2 
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(a) Comparison of the impact force history for 
different steel strengths 
 
(b) Comparison of the global displacement  
history for different steel strengths 
(c) Comparison of the impact force history for 
different cement composite strengths 
 
 
(d) Comparison of the global displacement  
history for different cement composite 
strengths 
Fig. 6.7 Theoretical parametric study of the impact response for cement composite filled pipes 
with different material strengths.  
 
Similarly, the increase in the steel pipe strength enhances significantly the impact force while 
decreases apparently the global displacement, as illustrated in Figs. 6.7a and 6.7b respectively. 
The increase in the cement composite strength, from 60 MPa to 90 MPa, for the cement 
composite filled pipe demonstrates slight effect on the impact response (see Figs. 6.7c and 
6.7d), reflected by the fact that deviations in the maximum global displacement ( maxP ), the 
post-peak mean force ( ) and the maximum global displacement ( maxw ) remain within 2.8%, 
0.6% and 2.6% respectively (see Table 6.5). However, the impact response for the cement 
composite filled pipe presents differences as the cement composite strength reduces from 60 
MPa to 30 MPa, as shown in Figs. 6.7c and 6.7d. The P-δ response for the cement composite 
filled pipe has transited from the first localized indentation phase to the second indentation 
 kNP
 (ms)t















































propagation phase (see Section 5.6) due to the decrease in the cement composite strength (from 
60 MPa to 30 Mpa), leading to the obvious decrease in the impact force and the increase in the 
global displacement (see Table 6.5). 
Table 6.6 Material strength effect on the impact response for pipe-in-pipe composite members. 





690 60 782.0 47.7 722.5 
550 60 637.1 59.5 580.5 
400 60 521.7 77.2 447.8 
250 60 371.6 127.2 288.5 
400 90 523.2 76.9 448.1 
400 60 521.7 77.2 447.8 
400 30 438.0 81.1 405.9 
 
(a) Comparison of the impact force history for 
different steel strengths 
(b) Comparison of the global displacement  
history for different steel strengths 
(c) Comparison of the impact force history for 
different cement composite strengths 
 
 
(d) Comparison of the global displacement  
history for different cement composite 
strengths 
Fig. 6.8 Theoretical parametric study of the impact response for pipe-in-pipe composite 


















































The increment of the outer pipe and the inner pipe strength enhances significantly the impact 
force response, including the maximum impact force ( ) and the post-peak mean force 
( ), for the composite pipe, coupled with the apparent reduction in both the global and the 
local deformations (see Figs. 6.8a, 6.8b and Table 6.6). The increase in the ULCC strength, 
from 60 MPa to 90 MPa, for the sandwich composite pipe demonstrates little effect on the 
impact response, including the impact force response and the global deformation response (see 
Figs. 6.8c, 6.8d and Table 6.6). However, the impact response for the sandwich composite pipe 
presents differences as the cement composite strength reduces from 60 MPa to 30 MPa, as 
shown in Figs. 6.8c and 6.8d. The P-δ response for the sandwich pipe has transited from the 
first composite stage to the second separation stage (see Section 5.5.2) due to the decrease in 
the cement composite strength (from 60 MPa to 30 Mpa), leading to the significant reduction 
in the impact force (for both the maximum impact force  and the post-peak mean force 
mP ). 
6.4.2 Geometric Property and Impact Velocity Effect 
The theoretical parametric study further investigates the effect of the geometric dimension and 
the impact velocity on the impact response for the three types of pipes. Table 6.7 presents six 
hollow pipes with different /o oD t  ratios, ranging from 11.0 to 43.8, but the same steel strength 
400y  MPa, which is close to the average steel strength in the impact test program (see 
Table 3.1). Figure 6.9 displays the impact response for the six hollow pipes subjected to four 
different impact velocities, i.e., 10.0oV  m/s, 7.5 m/s, 5.0 m/s and 2.5 m/s, respectively, all 
belonging to the low-velocity impact [ 1.0 m/s 10.0 m/s,oV  (Richardson and Wishear, 
1996)]. For each hollow pipe, the increase in the impact velocity enhances the external impact 
energy and thus intensifies the impact force and the global displacement. Under the same 
impact velocity, the raise of the /o oD t  ratio for hollow pipes causes the decrease in the 
maximum impact force ( maxP ) and the post-peak mean force ( mP ) (see Figs. 6.9a and 6.9c) 








Table 6.7  ratios in the theoretical parametric study for hollow pipes and cement 
composite filled pipes. 
Do×to 
(mm×mm) 
219.1×20.0 219.1×16.0 219.1×10.0 219.1×8.0 219.1×6.3 219.1×5.0
0 0/D t  11.0 13.7 21.9 27.4 34.8 43.8 
 
 
(a) Maximum impact force (b) Maximum global displacement 
 
 
(c) Post-peak mean force 
Fig. 6.9 Theoretical parametric study of the impact response for hollow pipes with various 
geometric dimensions subjected to different impact velocities.  
 
The parametric study also investigates the impact response for cement composite filled pipes 
with a large range of  ratios, from 11.0 to 43.8 (see Table 6.7), but the same steel and 
cement composite strength, i.e., MPa and 60cf  MPa respectively, which are close 
to the average steel and cement composite strength in the impact test program (see Table 3.2). 
Figure 6.10 displays the impact response for the six cement composite filled pipes subjected to 
four different impact velocities, i.e., m/s, 7.5 m/s, 5.0 m/s and 2.5 m/s, respectively. 




















































energy and thus intensifies the impact force and the global displacement. Under the same 
impact velocity, the raise of the  ratio causes the decrease in the maximum impact force 
( ) and the post-peak mean force ( ) (see Figs. 6.10a and 6.10c respectively) while 
enlarging the maximum global displacement ( ), as presented in Fig. 6.10b. 
 
(a) Maximum impact force (b) Maximum global displacement 
 
(c) Post-peak mean force 
Fig. 6.10 Theoretical parametric study of the impact response for cement composite filled 
pipes with various geometric dimensions subjected to different impact velocities.  
 
The parametric study further investigates the impact response for fifteen pipe-in-pipe 
composite members with the same steel and cement composite strength, i.e., MPa 
and 60cf  MPa respectively, which are close to the average steel and cement composite 
strength in the impact test program (see Table 3.3). The fifteen composite pipes cover the three 
types of relationships between the outer pipe and the inner pipe thickness, i.e., o it t [including 
the two conditions for ringt  as defined in Eqs. (5.42) and (5.43) respectively], o it t  and o it t , 














































 15.4 mm,44.4 mmct    ), as listed in Table 6.8. Table 6.8 also presents the equivalent 
thicknesses ringt  and gent , calculated by Eqs. (5.42) to (5.45), in the two-stage approach for the 
ring model and the generator model of the pipe-in-pipe composite structures (see Section 5.5). 


















o it t  
Eq. 
(5.42) 
219.1 10.0 168.3 4.0 15.4 23.2 14.0 
219.1 10.0 139.7 5.0 29.7 33.3 15.0 
Eq. 
(5.43) 
219.1 6.3 168.3 4.0 19.1 22.9 10.3 
219.1 5.0 168.3 4.0 20.4 21.8 9.0 
219.1 10.0 139.7 6.3 29.7 35.8 16.3 
219.1 6.3 139.7 5.0 33.4 30.8 11.3 
219.1 5.0 139.7 4.0 34.7 27.6 9.0 
219.1 8.0 114.3 4.0 44.4 37.0 12.0 
o it t  Eq. (5.44) 
219.1 6.3 168.3 6.3 19.1 25.3 12.6 
219.1 6.3 139.7 6.3 33.4 31.6 12.6 
219.1 5.0 139.7 5.0 34.7 28.2 10.0 
219.1 10.0 114.3 10.0 42.4 45.8 20.0 
o it t  Eq. (5.45) 
219.1 5.0 168.3 8.0 20.4 24.0 13.0 
219.1 5.0 139.7 6.3 34.7 28.7 11.3 
219.1 8.0 114.3 10.0 44.4 41.8 18.0 
 
Figure 6.11 demonstrates the impact response for the fifteen pipe-in-pipe composite members 
under the four different impact velocities, i.e., m/s, 7.5 m/s, 5.0 m/s and 2.5 m/s. For 
each composite pipe, the increase in the impact velocity indicates the raise of the external 
impact energy and thus leads to the increment of the impact force and the global displacement. 
Under the same impact velocity, the maximum impact force ( maxP ) decreases with the increase 
of the non-dimensional term /o gen ringD t t  (see Fig. 6.11a), implying that the structural 
capability for the composite pipe comes from the ring model and the generator model together. 
The maximum global displacement ( maxw ) raises with the increase of the non-dimensional 
term /o genD t  (see Fig. 6.11b), indicating that the generator model contributes the main global 
bending resistance for the composite pipe. Some composite pipes, i.e., outer pipe 219.1×10 






strictly the trend for the global displacement, as circled in Fig. 6.11b. These two composite 
pipes exhibit larger global displacements than the expected values since they tend to dissipate 
a majority of the external impact energy by the global bending deformation and not by the 
local indentation. This indicates that the local indentation resistance for the two composite 
pipes is quite high due to their thick-walled outer and inner steel pipes as well as the thick 
cement composite layer ( 40ct  mm), as listed in Table 6.6. The post-peak mean force ( ) 
do not demonstrates an obvious trend as the maximum impact force ( ) for the three 
relative high impact velocities, i.e., m/s, 7.5 m/s and 5.0 m/s, but enhances with the 
increase of the non-dimensional term  when the impact velocity 2.5oV  m/s (see 
Fig. 6.11c). The calculation of the post-peak mean force ( ) by integration from the impact 
force-global displacement ( gP w ) curve [see Eq. (3.3)], may accumulate and amplify the 
differences, leading to the unobvious trend for . 
 
(a) Maximum impact force 
 
(b) Maximum global displacement 
 
(c) Post-peak mean force 
Fig. 6.11 Theoretical parametric study of the impact response for pipe-in-pipe composite 



















































6.4.3 Validation against Numerical Simulations 
This section simulates the impact response for typical cases in the parametric study by using 
the explicit code in LS-DYNA (2006) to verify the theoretical predictions. The numerical 
simulation employs the same material models and boundary conditions as discussed in Chapter 
4. Table 6.9 summarizes the details for the ten typical cases belonging to the three different 
types of pipes, in which “H” refers to the hollow pipe simulation case, “F” refers to the fully 
cement composite filled pipe simulation case and “C” denotes the pipe-in-pipe simulation case. 
The four typical simulation cases for hollow pipes include the ones that present the highest and 
the lowest impact force (H-1 and H-4 respectively as shown in Fig. 6.9a) among the hollow 
pipes in the current parametric study. The two representative simulation cases for fully cement 
composite filled pipes contain the cases that exhibit the highest and the lowest impact force (F-
1 and F-2 respectively as labelled in Fig. 6.10a) among the cement composite filled pipes in 
the parametric study. The four typical simulation cases for sandwich composite pipes include 
the cases that demonstrate the highest impact force (C-1), the lowest impact force (C-2), the 
overly high global displacement (C-3) and a relatively thin cement layer model (C-4) among 
the pipe-in-pipe composite members in this parametric study (see Fig. 6.11 and Table 6.9). 
 
Figures 6.12 to 6.14 present the comparison of the impact force history and the global 
displacement history between the theoretical prediction and the FE results for the four hollow 
pipe simulation cases, the two cement composite filled pipe simulation cases and the four pipe-
in-pipe simulation cases respectively. The theoretical prediction does not estimate exactly the 
duration of the impact process, especially for the hollow pipe cases as shown in Fig. 6.12. 
Table 6.10 presents the good agreement of the impact response between the theoretical 
prediction and the FE results for most selected cases, expect for some cases with thick-walled 
pipes, e.g., H-1. The FE analysis may under-predicts the impact force for hollow pipes as 
discussed in Section4.3. In general, the acceptable agreement between the theoretical 
prediction and the FE simulation results confirms the accuracy of the theoretical method and 





the applicability of the developed theoretical method in predicting the global impact response 
for hollow pipes, cement composite filled pipes and cement composite filled pipe-in-pipe 
members, with a wide range of dimensions and under various impact velocities. 
Table 6.9 Details for the typical cases in the theoretical parametric study. 
 Case oD  (mm) ot  (mm) iD  (mm) it  (mm) oV  (m/s) 
Hollow pipe 
H-1 219.1 20.0 - - 10.0 
H-2 219.1 20.0 - - 2.5 
H-3 219.1 10.0 - - 5.0 
H-4 219.1 5.0 - - 2.5 
Cement composite 
filled pipe 
F-1 219.1 20.0 - - 10.0 
F-2 219.1 5.0 - - 2.5 
Pipe-in-pipe 
composite member 
C-1 219.1 10.0 114.3 10.0 10.0 
C-2 219.1 5.0 168.3 4.0 2.5 
C-3 219.1 8.0 114.3 10.0 10.0 
C-4 219.1 6.3 168.3 4.0 10.0 
 
 
(a) Impact force history for H-1 and H-2 
 
(b) Global displacement history for H-1 and 
H-2 
(c) Impact force history for H-3 and H-4 
 
 
(d) Global displacement history for H-3 and 
H-4 
Fig. 6.12 Comparison of the impact response between the theoretical prediction and the FE 






















































(a) Impact force history for F-1 and F-2 (b) Global displacement history for F-1 and   
F-2 
Fig. 6.13 Comparison of the impact response between the theoretical prediction and the FE 
simulation results for cement composite filled pipes.  
 
 
(a) Impact force history for C-1 and C-2 (b) Global displacement history for C-1 and  
C-2 
 
(c) Impact force history for C-3 and C-4 
 
 
(d) Global displacement history for C-3 and  
C-4 
Fig. 6.14 Comparison of the impact response between the theoretical prediction and the FE 














































































Table 6.10 Comparison of the impact response between the theoretical and the FE prediction. 
 max
P  (kN) maxw  (mm) mP  (kN) 
Pre. FE Pre./FE Pre. FE Pre./FE Pre. FE Pre./FE 
H-1 884.0 767.3 1.15 82.8 76.6 1.08 746.8 608.5 1.23 
H-2 430.9 517.6 0.83 6.5 6.2 1.04 400.7 478.4 0.84 
H-3 300.1 305.0 0.98 36.7 31.8 1.15 284.6 275.2 1.03 
H-4 81.1 85.9 0.94 18.8 20.1 0.93 77.5 84.2 0.92 
F-1 1684 1744 0.97 62.0 62.6 0.99 1011 938.3 1.08 
F-2 399.6 435.8 0.92 14.7 14.4 1.02 322.6 385.0 0.86 
C-1 905.7 1024 0.88 101.7 108.3 0.94 630.0 606.8 1.04 
C-2 307.3 291.6 1.05 9.4 11.3 0.83 249.0 255.9 0.97 
C-3 821.8 858.5 0.96 117.8 123.5 0.95 545.8 529.0 1.03 
C-4 435.6 460.1 0.95 139.8 141.0 1.00 415.9 415.6 1.00 
 
6.4.4 Simplified Impact Response Formulation for Pipe-In-Pipe Composite Structure  
This study proposes simplified formulations to predict the impact response for pipe-in-pipe 
composite members under the low velocity impact ( 1.0 m/s 10.0 m/soV  ) through a 
polynomial regression of the validated parametric study results. Figure 6.15 demonstrates the 
parametric study results for the polynomial regression, excluding the data for composite pipes 
whose P-δ response has entered into the second separation stage under the corresponding 
impact velocity (as some circled in Fig. 6.11c). In Fig. 6.15, the x axis refers to the normalized 
impact velocity ( /o refV V ), where 10.0refV  m/s represents the reference upper bound velocity 
of the low-velocity impact problem (Richardson and Wishear, 1996). From Figs. 6.15a to 
6.15c, the y axis denotes the maximum impact force maxP  (normalized by y o gen ringD t t ), the 
maximum global displacement maxw  (normalized by 
2 /o genD t ) and the post-peak mean force 
mP  (normalized by y o gen ringD t t ) respectively. The normalization of the parametric study 
results reduces the variation of the maximum impact force ( ) with respect to the four 
different impact velocities of the fifteen composite pipes, as shown in Fig. 6.15a. For the 
maximum global displacement ( ), some normalized data for the thick-walled composite 
pipes demonstrate higher values than that for the most composite pipes (see Fig. 6.15b), as 
discussed in Section 6.4.2. After the normalization by , the post-peak mean 
maxP
maxw





force ( ) data scatters increasingly with the increase of the impact velocity. The calculation 
of the post-peak mean force ( ) by integration from the impact force-global displacement 
( gP w ) curve [see Eq. (3.3)], may accumulate and amplify the differences, leading to the the 
large scatters for .   
 
(a) Maximum impact force 
 
(b) Maximum global displacement 
 
(c) Post-peak mean force 
Fig. 6.15 Comparison of the simplified impact response formulations with the parametric study 
results for pipe-in-pipe composite members.  
  
Since the normalized maximum impact force and the normalized maximum global 
displacement for most sandwich composite pipes in the parametric study are concentrated 
respectively according to the four different impact velocities. This study performs a second 
order polynomial regression of the parametric study results for simplified formulations in 
predicting the impact response for pipe-in-pipe composite structures under the low velocity 
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P V V
V VD t t
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 (6.36) 
The proposed formulation for the maximum global displacement ( ) follows,  
2
2 3.6e-2 1.63e-3 4.51e-4
max gen o o
o ref ref
w t V V
D V V
              
 (6.37) 
For the scattered normalized post-peak mean force ( ) data, this study also carries out a 
second order polynomial regression and leads to an expression, 
2
1.59e-1 2.99e-1 1.34e-1m o o
ref refy o ring gen
P V V
V VD t t
               
 (6.38) 
Table 6.11 Comparison of the impact response between the formulation prediction and the test 
data. 
Specimen max
P  (kN) maxw  (mm) mP (kN) 
Eq. Eq./Test Eq. Eq./Test Eq. Eq./Test 
CCFPIP-1-1 618.4 1.01 63.2 1.25 529.0 0.96 
CCFPIP-1-2 615.0 0.97 61.1 1.28 527.4 0.96 
CCFPIP-2-1 515.1 0.97 84.4 1.17 440.5 1.07 
CCFPIP-2-2 516.1 0.94 85.5 1.18 441.0 1.07 
CCFPIP-3-1 460.2 0.97 90.9 1.14 394.8 1.15 
CCFPIP-3-2 464.6 0.96 96.6 1.20 396.9 1.18 
CCFPIP-4 651.8 1.00 50.0 1.12 562.8 0.97 
CCFPIP-5-1 552.9 1.00 77.5 1.17 472.0 1.03 
CCFPIP-5-2 555.4 0.92 79.8 1.17 473.1 0.98 
CCFPIP-5-3 553.4 1.02 77.9 1.16 472.2 1.07 
CCFPIP-5-4 553.4 1.01 77.9 1.17 472.2 1.07 
CCFPIP-6 497.2 0.99 84.4 1.08 425.2 1.11 
CCFPIP-7-1 496.2 0.90 78.9 1.21 423.0 1.04 
CCFPIP-7-2 496.8 0.89 79.6 1.20 423.2 0.95 
CCFPIP-7-3 497.4 0.94 80.2 1.18 423.5 1.08 
CCFPIP-7-4 493.3 0.95 76.1 1.13 421.7 1.06 
Mean value  0.97  1.18  1.05 
 Standard deviation 0.04  0.05  0.05 
 
Table 6.11 compares the impact response calculated by Eqs. (6.36) to (6.38) against the 
experimental results (see Table 3.5) for the pipe-in-pipe composite specimens to validate the 







) with the test results confirms the accuracy of the proposed formulation [Eq. (6.36)]. The 
proposed formulation [Eq. (6.37)] over-predicts the maximum global displacement ( ). 
Equation (6.39) provides accurate predictions on the post-peak mean force ( ) for the pipe-
in-pipe composite specimens in the impact test program, as listed in Table 6.11. In general, the 
developed formulations provide fast and reliable estimates on the impact response, including 
the maximum impact force ( ) and the post-peak mean force ( ) for pipe-in-pipe 
composite structures under the low-velocity impact ( 10.0oV  m/s). 
Table 6.12 Comparison of the impact response calculated by the simplified formulations and 
by the theoretical method. 
Specimen max
P  (kN) maxw  (mm) mP (kN) 
Eq. Eq./Pre. Eq. Eq./Pre. Eq. Eq./Pre. 
CCFPIP-1-1 618.4 1.00 63.2 1.13 529.0 0.91 
CCFPIP-1-2 615.0 0.99 61.1 1.14 527.4 0.91 
CCFPIP-2-1 515.1 0.99 84.4 1.08 440.5 0.98 
CCFPIP-2-2 516.1 0.99 85.5 1.08 441.0 0.98 
CCFPIP-3-1 460.2 0.98 90.9 1.03 394.8 1.03 
CCFPIP-3-2 464.6 0.98 96.6 1.06 396.9 1.03 
CCFPIP-4 651.8 1.00 50.0 1.08 562.8 0.93 
CCFPIP-5-1 552.9 0.98 77.5 1.02 472.0 1.00 
CCFPIP-5-2 555.4 0.98 79.8 1.02 473.1 1.00 
CCFPIP-5-3 553.4 0.98 77.9 1.02 472.2 1.00 
CCFPIP-5-4 553.4 0.98 77.9 1.02 472.2 1.00 
CCFPIP-6 497.2 1.02 84.4 0.98 425.2 1.03 
CCFPIP-7-1 496.2 1.02 78.9 1.21 423.0 0.91 
CCFPIP-7-2 496.8 1.02 79.6 1.21 423.2 0.91 
CCFPIP-7-3 497.4 1.03 80.2 1.18 423.5 0.93 
CCFPIP-7-4 493.3 1.03 76.1 1.19 421.7 0.92 
Mean value  1.00  1.09  0.97 
 Standard deviation 0.02  0.07  0.05 
 
Table 6.12 compares the impact response calculated by the theoretical analysis method (see 
Table 6.3) and by the proposed formulations [Eqs. (6.36) to (6.38)] for the sixteen pipe-in-pipe 
composite specimens in the impact test program. The impact response calculated by the 
proposed formulations demonstrates close agreement with the theoretical analysis data with 









global impact response for pipe-in-pipe composite members under the low-velocity transverse 
impact. 
6.5 Summary  
This chapter proposes a theoretical method to predict the impact response for the cement 
composite filled pipe-in-pipe structures. The theoretical method combines the load-indentation 
(P-δ) relationship and the dynamic deformation response of the pipe structures. The numerical 
analyses indicate that the two-stage approach provides reasonable descriptions of the P-δ 
relationship for simply supported pipe-in-pipe composite specimens. The existing P-δ 
expression [Eq. (5.4)] for continuously supported hollow pipes cannot estimate the load 
decreasing phase in the P-δ response for simply supported hollow pipes. This study, therefore, 
proposes P-δ expressions for simply supported hollow pipes to incorporate the load increasing 
phase and decreasing phase [Eqs. (6.26) and (6.27) respectively]. The suggested P-δ 
expressions present a reasonable agreement with the numerical data. 
 
The proposed theoretical method substitutes the P-δ expressions into the deformation response 
for pipe structures subjected to transverse impact loads and utilizes a numerical procedure to 
compute the impact force history and the global deformation history for the hollow pipes, the 
cement composite filled pipes and the sandwich composite pipes. The close agreement 
between the theoretical prediction and the experimental results validates the applicability of the 
proposed method in estimating the impact response for the three types of pipe structures. The 
validated theoretical method provides a fast and reliable approach to estimate the impact 
response of cement composite filled pipe-in-pipe structures, as an alternative to the time-
consuming explicit analysis and the expensive experimental approach. 
 
A parametric study using the validated theoretical method investigates the effect of the 
material strength, the geometric dimension and the impact velocity on the impact response of 





impact performance of the pipe structures. For hollow pipes and cement composite filled pipes, 
the increase in the ratio enhances the impact force while decreases the global and the 
local deformations of the pipe structure. A further parametric study covering a wide scope of 
geometric dimensions ( , and ) 
for the pipe-in-pipe composite member under various impact velocities 
( [2.5 m/s,  10.0 m/s]oV  ) presents the general trends between the impact response and the 
developed equivalent thicknesses gent  and ringt .  When the P-δ response for the pipe-in-pipe 
composite member remains within the first composite stage, the maximum impact force ( ) 
decreases with the increase of the non-dimensional term  while the maximum 
global displacement ( ) raises with the increase of the non-dimensional terms /o genD t . The 
finite element simulations using the explicit code in LS-DYNA confirm the accuracy of the 
parametric study. 
 
Based on the polynomial regression of the parametric study data, this study proposes 
simplified formulations to predict the impact response for pipe-in-pipe composite structures 
with the P-δ response remaining in the first composite stage. Comparison against the 
experimental results indicates that the proposed formulations provide fast and reasonable 
estimates on the maximum impact force ( ) and the post-peak mean force ( ) for the 
pipe-in-pipe composite specimens.  
/o oD t
 / 21.9, 43.8o oD t   / 11.4,42.1i iD t   15.4 mm,44.4 mmct   
maxP


















7.1 Brief Overview 
This research aims to investigate the transverse impact behavior of the ultra lightweight 
cement composite (ULCC) filled pipe-in-pipe composite structures and to evaluate the 
potential of this sandwich composite pipe as an impact resistant system in pipeline applications. 
The novel ultra lightweight cement composite (ULCC), developed by Chia et al., (2011), has a 
28-day compressive strength over 60 MPa and an average density of 1460 kg/m3. The 
application of the ULCC optimizes the structural weight and enhances significantly the 
construction effieciency, especially for pipe-in-pipe composite structures. So far, little 
published literature has addressed the impact performance for the pipe-in-pipe composite 
structures. 
 
This thesis (Chapter 3) first presents a drop weight impact test program including six hollow 
pipe specimens, six cement composite filled pipe specimens and sixteen cement composite 
filled pipe-in-pipe specimens, all simply supported with the same length 2L  m and the outer 





composite layer thicknesses. The experimental study improves the understanding on the 
impact behavior for the pipe-in-pipe composite structures, including the steel-ULCC-steel 
composite action under the impact load as well as the effect of each component (the outer pipe, 
the inner pipe and the cement composite layer) in resisting the external impacts. Based on the 
experimental results, this study proposes a post-peak mean force ( mP ) and an energy 
absorption capacity ( EAC ) to evaluate the impact performance for pipe structures. In addition, 
the experimental study examines the structral performance for three cement composite filled 
pipe specimens and seven cement composite filled pipe-in-pipe specimens under multiple 
impacts. 
 
The next section (Chapter 4) reports a numerical investigation using the nonlinear finite 
element (FE) software LS-DYNA (2006) to analyze the detailed impact behavior for pipe-in-
pipe composite structures. Three-dimensional FE models simulate the whole impact process 
for the pipe specimens with validations against the test results in Chapter 3. Based on the 
validated FE models, an FE parametric study investigates the effect of the impact velocity, the 
impact indenter shape, the inner pipe, the steel and the cement composite strength on the 
impact performance for pipe-in-pipe composite structures. 
 
The subsequent section (Chapter 5) presents a lateral indentation test on three types of short 
pipe specimens ( 700L  mm), including three hollow pipe specimens, three cement composite 
filled pipe specimens and seven cement composite filled pipe-in-pipe specimens, all 
continuously supported on a rigid steel base. Based on a combined experimental and numerical 
investigation [using the implicit code in LS-DYNA (2006)], this study proposes a lateral load-
local indentation (P-δ) relationship for hollow steel pipes and develops a two-stage analytical 
approach to estimate the P-δ relationship for pipe-in-pipe composite specimens. Meanwhile, 
this study proposes a three-phase analytical approach to predict the P-δ relationship for cement 
composite filled pipes. The indentation test results validate the proposed P-δ relationships for 






The following section (Chapter 6) proposes a theoretical method to predict the impact response 
for the three types of pipe structures. This section first verifies the applicability of the proposed 
P-δ relationships (in Chapter 5) for continuously supported composite pipes (including the 
cement composite filled pipes and the cement composite filled pipe-in-pipe members) to the 
simply supported composite pipes and develops a P-δ relationship for simply supported hollow 
pipes based on the FE analysis. The proposed theoretical method substitutes the P-δ 
relationships for the three types of pipes into the dynamic deformation response for the pipe 
structures under the transverse impact. Using a numerical iteration procedure, the theoretical 
method calculates the impact response for the pipe specimens with validations against the test 
results in Chapter 3. A parametric study using the validated theoretical approach investigates 
the influence of the impact velocity, the geometric dimension, the steel and the cement 
composite strength on the impact response for the three types of pipe structures. The FE 
simulation method, developed in Chapter 4, validate the theoretical predictions for typical 
cases in the parametric study and thus confirm the accuracy of the parametric study as well as 
the proposed theoretical approach. Based on the theoretical parametric study, this research 
proposes simplified formulations to provide fast and reliable estimates on the transverse 
impact response for pipe-in-pipe composite structures.     
7.2 Main Findings and Conclusions  
Based on the experimental, numerical and theoretical investigations on the transverse impact 
behavior for the three types of pipe structures, this study supports the following observations 
and conclusions: 
  
(1) The impact process for the three types of pipe specimens consists of three phases, i.e., 
the vibration phase, the stable phase and the unloading phase. The impact force 
fluctuates drastically in the vibration phase, reaches an approximately plateau value in 





corresponds to the very initial stage of the impact process, where the indenter is 
moving at a faster speed than the impact point in the pipe. In the stable phase, the 
indenter and the impact point in the pipe move at the same speed. The unloading phase 
starts when the indenter starts to rebound and subsequently separates from the pipe 
specimen.  
 
(2) The ULCC-filled pipe-in-pipe composite specimens and the ULCC-filled pipe 
specimens demonstrate significantly stronger impact resistance than do the steel 
hollow pipes. The outer pipe and its thickness determine directly the impact resistance 
and the global bending deformation. The cement composite contributes significantly to 
restrict the indentation within a highly localized region around the impact point and 
limits effectively the deformation of steel pipes. For the pipe-in-pipe composite 
specimens, the increase in the inner pipe thickness shows slight influence on the 
indentation response of the composite pipes. The presence of the inner pipe does 
enhance the confinement to the cement material.  
 
(3) The post-peak mean force ( mP ) and the energy absorption capacity ( EAC ), proposed 
in this study, quantify the impact performance for the pipe structures. The post-peak 
mean force ( mP ) represents an equivalent force that produces the same amount of post-
peak work as the dynamic impact force and provides a reasonable estimation of the 
impact force during the stable phase. The increase in the steel pipe thickness and the 
cement composite layer thickness enhance the post-peak mean force ( mP ) and the 
energy absorption capacity ( EAC ) for the pipe-in-pipe composite specimens. The 
cement composite filled pipe-in-pipe specimens and the cement composite filled pipe 
specimens demonstrate much higher mP  and EAC  than do the hollow pipe specimens, 






(4) Compared to the hollow pipe specimen (HSP-1-1) with the same steel quantity (103.1 
kg) and the similar impact velocity, the maximum impact force ( maxP ), the post-peak 
mean force ( mP ) and the energy absoption capacity ( EAC ) for the ULCC-filled pipe 
specimen (CCFP-1-2) increase significantly by 147.7%, 97.0% and 44.7%  
respectively; the maximum global displacement ( maxw ) and the maximum local 
indentation ( max ) for CCFP-1-2 decrease by 34.9% and 92.7% respectively. 
Compared to the hollow pipe specimen (HSP-1-1) with the similar steel quantity and 
the impact velocity, the maximum impact force ( maxP ), the post-peak mean force ( mP ) 
and the energy absoption capacity ( EAC ) for the ULCC-filled pipe-in-pipe specimen 
(CCFPIP-2-1) increase by 16.6%, 20.5% and 6.3%  respectively; the maximum global 
displacement ( maxw ) and the maximum local indentation ( max ) for CCFPIP-2-1 
decrease by 10.1% and 68.2% respectively. The composite pipe structures demonstrate 
excellent impact performance and huge potential in engineering applications.         
 
(5) Both the cement composite filled pipe-in-pipe specimens and the cement composite 
filled pipe specimens demonstrate good impact performance under the multiple 
impacts. The pipe-in-pipe composite specimens present superior energy absorption 
capacity ( EAC ) than do the cement composite filled pipe specimens under the 
multiple impacts. 
 
(6) The FE models predict closely the impact behavior for the three types of pipe 
specimens, including the impact force, the global displacement and the local 
indentation. The FE parametric study for pipe-in-pipe composite members shows that 
the maximum impact force ( maxP ) increases obviously with the increment of the 
impact velocity ( oV ), the pipe mass ( pm ) and the steel pipe strength ( y ). The post-





the the steel pipe strength. Both the global displacement ( gw ) and the local indentation 
( ) increase with the growth of the external impact energy ( iE ) and the decrease of 
the steel pipe strength ( y ). Without the inner steel pipe, the composite pipe system 
behaves like a hollow pipe under the impact load due to the serious loss of the steel-
ULCC composite action. 
 
(7) During the lateral indentation test, the ULCC-filled pipe-in-pipe specimens and the 
ULCC-filled pipe specimens demonstrate significantly stronger indentation resistance 
and energy absorption capacity than do the steel hollow pipes. The cement composite 
contributes significantly to the structural resistance and restricts the indentation within 
a highly localized region around the indenter. The increase in the inner pipe thickness 
shows very limited influence on the indentation response of the pipe-in-pipe composite 
specimens.  
 
(8) The numerical analyses on the indentation behavior of the pipe specimens indicate that 
the ULCC-filled pipe-in-pipe specimens demonstrate similar Mises and shear stress 
distributions near the assumed plastic hinge locations as those in the thin-walled steel 
hollow specimens at small indentation levels. Both the thin-walled steel pipes and the 
composite specimens entail limited strain hardening near materials at the assumed 
plastic hinges at small indentations. In contrast, significant strain hardening and plastic 
deformations occurs near the plastic hinge locations in the thick-walled steel hollow 
pipes. This causes the existing P-δ relationship (Wierzbicki and Suh, 1988) 
underestimates the indentation resistance for thick-walled hollow pipes.    
 
(9) This study proposes a P-δ relationship for continuously supported hollow steel pipes to 
incorporate the strain hardening effect at large indentation levels. This proposed 





properties (  250 MPa, 690 MPay   and  5, 20n ). The suggested formulation 
presents a reasonable agreement with the experimental and the numerical data. 
 
(10) This research develops a two-stage approach to estimate the P-δ relationships for pipe-
in-pipe composite specimens. The proposed approach extends a theoretical shell model 
for hollow pipes to the current sandwich pipes in the first composite stage, assuming 
similar plastic deformations in the sandwich composite pipes and in the thin-walled 
hollow pipes. For the second stage, the proposed method dismisses the composite 
action and sums the individual indentation resistance from the outer pipe, the inner 
pipe and the cement composite. The close agreement between the proposed P-δ model 
and the experimental results confirms the assumptions in the two-stage analytical 
approach and validates the applicability of the proposed P-δ model in estimating the 
load-indentation relationships for ULCC-filled pipe-in-pipe composite members. 
 
(11) This study also develops a three-phase method to predict the P-δ response for cement 
composite filled pipes, namely the localized indentation phase, the indentation 
propagation phase and the load redistribution phase. The developed method sums the 
individual indentation resistance from the steel pipe and the cement composite. In each 
P-δ response phase, the proposed method assumes the load transfer mechanism to 
determine the load-resistance area for the cement composite. The close agreement 
between the proposed P-δ relationship and the experimental results confirms the 
rationality for the assumptions on the load transfer mechanism, the load-resistance area 
and the critical indentation level in this three-phase analytical method for cement 
composite filled pipes. 
 
(12) The numerical analyses indicate that the two-stage approach provides reasonable 





specimens. The previously proposed P-δ relationship for continuously supported 
hollow steel pipes cannot estimate the load decreasing phase in the P-δ response for 
simply supported hollow steel pipes. This study proposes P-δ expressions for simply 
supported hollow steel pipes to incorporate the load increasing phase and decreasing 
phase based on the numerical data.  
 
(13) This research proposes a theoretical method to estimate the impact response for the 
three types of pipe specimens. The theoretical method substitutes the developed P-δ 
relationships into the deformation response for simply supported pipes subjected to 
transverse impact loads. Using a numerical iteration procedure, the theoretical method 
calculates the impact force history, the global deformation history and the local 
indentation for the pipe structures. The close agreement between the theoretical 
prediction and the experimental results validates the applicability of the proposed 
theoretical method in estimating the impact response for the three types of pipe 
structures. 
 
(14) A parametric study using the validated theoretical method indicates that the impact 
performance for the three kinds of pipes improves significantly as the increment of the 
steel pipe strength. For the two types of composite pipes, the increase in the cement 
composite strength presents relatively slight influence on the impact force response.  
 
(15) The theoretical parametric study including a large range of geometric dimensions 
( / [11.0,  43.8]o oD t  ) for hollow steel pipes and cement composite filled pipes under 
the different impact velocities ( [2.5 m/s,  10.0 m/s]oV  ) demonstrates that the 
maximum impact force ( maxP ) and the post-peak mean force ( mP ) decreases as the 
increase of the /o oD t ratio, the maximum global displacement ( maxw ) intensifies as the 






(16) A further theoretical parametric study covering a wide range of dimensions 
(  / 21.9, 43.8o oD t  ,  / 11.4,42.1i iD t  and  15.4 mm,44.4 mmct    ) for the pipe-
in-pipe composite members under various impact velocities ( [2.5 m/s,  10.0 m/s]oV  ) 
presents the general trends between the impact response and the developed equivalent 
thicknesses gent  and ringt . When the P-δ response for the ULCC-filled pipe-in-pipe 
member remains in the first composite stage, the maximum impact force ( maxP ) 
reduces with the increase of the non-dimensional term /o gen ringD t t  while the 
maximum global displacement ( maxw ) raises with the increase of the non-dimensional 
terms /o genD t . The FE simulations using the explicit code in LS-DYNA (2006) 
confirm the accuracy of the theoretical parametric study.   
 
(17) Based on the polynomial regression of the theoretical parametric study data, this study 
proposes simplified formulations to predict the impact response for pipe-in-pipe 
composite structures with the P-δ response remaining in the first composite stage. 
Comparison against the experimental results indicates that the proposed formulations 
provide fast and reliable estimates on the maximum impact force ( maxP ) and the post-
peak mean force ( mP ) for the ULCC-filled pipe-in-pipe composite members. 
 
The ultra lightweight cement composite (ULCC) filled pipe-in-pipe composite structures 
demonstrate superior transverse impact performance which is suitable for impact resistant 
system in pipeline applications. The proposed theoretical method and simplified formulations 
provide fast and reliable predictions on the impact response of the pipe-in-pipe composite 







7.3 Recommendations for Future Research  
The following are further research work recommended to achieve an insight into the impact 
behavior of pipe-in-pipe composite structures: 
 
(1) Research work investigates the impact behavior for pipe-in-pipe composite structures 
under the combined transverse impacts and various levels of external or internal 
pressure to simulate the working condition of pipelines in the offshore environment.   
 
(2) Research work investigates the impact behavior for pipe-in-pipe composite structures 
subjected to the combined transverse impacts and axial pre-loads to simulate the 
working condition of onshore and offshore pipelines. 
 
(3) Experimental study focuses on the ultra lightweight cement composite (ULCC) 
through bending tests, biaxial and triaxial compressive test, etc., to improve the 
understanding of the material behavior and to develop the material model for the 
ULCC in the finite element (FE) analysis. 
 
(4) In the current study, the cement composite strength and the inner steel pipe thickness 
demonstrate slight influence on the impact performance for the pipe-in-pipe composite 
structures than do the outer pipe strength and its thickness. Research work may explore 
the impact behavior for pipe-in-pipe composite structure filled with more lightweight 
materials than do the ULCC and utilize FRP inner pipe to further reduce the structural 
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